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Cross laminated timber (CLT) is a modernised engineering solution that was developed in the 1990’s, first 
originating in Austria. This product has been recognised for its competitive nature by having a light weight to 
strength ratio, high axial strength and ability to withstand in and out of plane behavioural loads. With changes 
to the Australian building code in 2016, it has seen the regulations to timber buildings increase to 30m in height 
which recognises the demand for CLT in the industry.  
With the continual concerning increase in CO2 emissions particularly in the building industry over the past 
few decades, there are growing societal expectations to develop more sustainable and environmentally friendly 
solutions. As an appropriate response to this concern, CLT creates a more environmentally advantageous 
solution when compared to typical Portland concrete elements. The demand is on the rise for CLT being used 
in multi-storey buildings due to its eco-friendly and cost effective solution. The F2 hybrid being investigated 
is reaching maturity in plantations around the Queensland region, where suitability needs to be carried out to 
determine if the F2 hybrid being able to fulfil the role as feedstock for the manufacturing plant.  
The governing factor for failure in CLT when loaded in out of plane bending can be given by the induced 
stresses in either axes exceeding the orientations strength. This is a critical factor for the shear strength as this 
cross layer is the weak point for the CLT member. These shear stresses which cause shear strains in the radial-
tangential plane are referred to as the rolling shear stresses.  
As an appropriate response to this demand and failure type of CLT, rolling shear properties focusing on 
strength, stiffness and behaviour are investigated in this study. Parameters influencing these shear properties 
are experimentally tested and compared with theoretical and finite element modelling (FEM) for data analysis. 
The parameters being investigated during the experimental analysis focus on growth ring orientation, growth 
ring width, location of the pith, geometry, clear wood and knotted wood. The experimental procedure utilises 
the Two Plate Shear Test, as a wide variety and quantity of parameters can be controlled to investigate singular 
influences on rolling shear properties.   
Results indicated differences in the achieved peak load and deformation response between all specimens which 
was to be expected, due to the varying parameters analysed. The effect of knot influence varied significantly 
dependent on the size of the knot for both rolling shear modulus (GR) and strength (fR) which is to be expected 
of non-distributive fiber directions characterised by knot influence, causing variations in stresses around these 
knotted regions. The centre of the pith located on CLT specimens gave a more predictable response and had 
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an increasing effect on GR but not on fR. Lower grain orientations were found to accompany lower achieved 
results for both GR and fR, where increases of these properties were observed with higher grain orientations, 
described by a polynomial regression. Variations in similar grain orientations were also characterised by the 
growth ring width, where the greater the growth ring width, accompanied greater GR and fR values. Regarding 
geometry, greater width (b1) / thickness (t1) values, were associated with lower values achieved for GR. 
However, inversely greater b1 /  t1 values, were associated with higher values achieved for fR. A comparison of 
experimental results to the shear analogy theory for calculating effective rolling shear stiffness (GAeff) indicated 
a modification to account for lower grain orientations where the F2 hybrid is used as CLT, given in equation 
5.4. Using Strand7, a FE model was developed, replicating the experimental test setup which was able to 
describe the behaviour of the CLT specimen under an applied loaded condition. Strain measurements were 
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Chapter 1  Introduction 
 
 
1.1 Background and Problem Definition 
 
Cross laminated timber (CLT) is a modernised engineering solution that was developed in the 1990’s, first 
originating in Austria. CLT is achieved by laying timber panels perpendicular to the adjacent layer typically 
with a glue adhesive and then pressed vertically and horizontally under a hydraulic press. This product has 
been recognised for its competitive nature by having a light weight to strength ratio, high axial strength and 
ability to withstand in and out of plane behavioural loads. Thus, it is a suitable replacement for concrete and 
steel in modern high rise buildings due to its low weight characteristics and versatile prefabrication, impacting 
on size and cost for construction practices (Zhou et. al. 2014). With a large influence from being used as main 
structural elements in the construction of mid to high-rise buildings in Europe, Australia has begun to recognise 
the practical and sustainable solution. Current ranges of practices include suspended floors, internal and 
external walls and roofs. Existing problems in the current building practices typically for concrete regarding 
timeframes and cost is the curing time, formwork and labour required on-site. CLT addresses these issues by 
providing a prefabrication system where a large portion of the work is completed off-site and then delivered 
on-site ready for installation with simple screw connections. CLT addresses versatility applications with CNC 
machining to suit architectural, aesthetic and structural applications. With changes to the Australian building 
code in 2016, it has seen the regulations to timber buildings increase to 30 m in height which recognises the 
demand for CLT in the industry. 
 
As global warming has been of great concern these past few decades, there is a great concern in reducing 
carbon dioxide (CO2) emissions particularly in concrete which contribute to around 5 % of the total global CO2 
emissions (Gartner & Hirao 2015).  There are other types of concrete currently being adopted in common 
practice, such as geopolymer concrete. Geopolymer concrete does reduce CO2 emissions when compared to 
typical Portland cement, however this is merely a stall and does not create an environmentally advantageous 
solution when compared to CLT. There are many studies underway to find a suitable product to serve as 
replacement. With growing societal expectations to develop more sustainable and environmentally friendly 
solutions, CLT is able to fulfil this role. 
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Hyne and Son Pty Ltd supply CLT panels and source local timber from its plantations in Queensland (QLD) 
and New South Wales (NSW). The F2 hybrid pine grown and developed in Queensland in the 1950’s, is a 
second generation cross between Slash Pine (Pinus elliotti var. elliotti) and Caribbean Pine (Pinus caribaea 
var. hodurensis). The demand is on the rise for CLT being used in multi-storey buildings due to its eco-friendly 
and cost effective solution. As the F2 hybrid is reaching maturity, investigation needs to be carried out to 
determine the suitability of the F2 hybrid being able to fulfil the role as feedstock for the manufacturing plant. 
It is important to characterise the quality of this softwood being used as feedstock to understand a benchmark 
that can be used for the manufacturing plant as to what quality can and cannot be used as CLT. With no 
publically available studies specific to the F2 hybrid in question being investigated, this study will investigate 
the performance of timber to be used for CLT.  
 
As wood is an orthotropic material, the mechanical properties are variable based upon the orientation of the 
grain or axes of the wood (Nie, 2015). The governing factor for failure in CLT when loaded in out of plane 
bending can be given by the induced stresses in either axes exceeding the orientations strength. This is a critical 
factor for the shear strength as this cross layer is the weak point for the CLT member. These shear stresses 
which cause shear strains in the radial-tangential plane are referred to as the rolling shear stresses. The rolling 
shear properties focusing on strength, stiffness and behaviour are investigated in this study. Parameters 
influencing these shear properties are experimentally tested and compared with theoretical and finite element 
modelling (FEM) for data analysis. As a performance assessment tool for the study investigation, previous 




1.2 Research Significance and Scope of the Project 
 
Assessing the performance of the rolling shear properties used in CLT is being widely researched with different 
methods adopted by EN408:2010 - Timber Structures - Structural timber and glued laminated timber - 
Determination of some physical and mechanical properties and design handbooks. Significant influence is 
based upon the research carried out that validates its appropriateness, limitations and scope of the test. By 
adopting this rationale to Australian produced timber, it not only develops justification for use as a feedstock 
for CLT but can be used to influence the current Australian Standards to incorporate CLT in its codes of 
practice for future activities. As the 2016 Australian Building Code has since allowed further implementation 
of timber as the main structural members for multi-storey buildings up to 30 m in height, further research is 
needed to support the growing demand in industry. This investigation also provides insight into the suitability 
of using lower grades of timber as suitable elements of CLT. This is necessary to boost profits in the 
Queensland and Australian timber industry by focusing on reducing the waste found from a typical section of 
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timber. This is strongly characterised by typical parameters known to reduce rolling shear properties 
investigated by this research.  
 
From 2008 to 2015, CLT’s global growth rate increased by 15 to 20 % per year (Brandner et.al 2016), with 
projected growth rate given from market research reports expecting to further increase. This growth rate in 
CLT increase is important to reducing the carbon footprint being left by the building and construction industry, 
of which globally represents 39 % of CO2 emissions (Abergel et. al. 2017).  
 
The scope of this study consist of experimental, theoretical and FEM components. The experimental 
component investigates the rolling shear properties of the F2 hybrid timber used as CLT through the design, 
construction and testing of 39 specimens. Influencing parameters are investigated that focus on growth ring 
orientation, growth ring width, location of the pith, geometry, clear wood and knotted wood. The theoretical 
component aims to interpret the behaviour response of the F2 hybrid used as CLT and the governing modulus 
and stiffness properties obtained from the experimental results. The FEM component analyses the CLT under 
the experimental loading response to validate the data obtained, in particular the strain development and 
influence using Strand7 software.  
 
 
1.3 Research Objectives 
 
The outlining objective of this investigation is to quantify the rolling shear properties of the F2 hybrid for 
modulus, strength and stiffness. The behavioural response under similar experimental loading conditions is 
investigated for influencing parameters which is based upon theoretical research and modelling. This analysis 
of the F2 hybrid’s suitability as CLT is governed by the out of grade characteristics for each sample. The 
variation in growth ring orientation of the samples is used to influence the sawing patterns taken from typical 
cross sections of the raw timber logs. Growth ring width represents the period of growth over time and 
characterises the plantations variation for use as feedstock for CLT. Location and use of the pith also governs 
sawing patterns, behavioural response under rolling shear analysis and the amount of waste produced from 
raw timber logs. Variation in thickness of the inner lamella evaluates the rolling shear modulus theory used to 
predict the performance of CLT for design. The amount of clear wood and knotted wood in a specimen 
determines how much out of grade characteristics influence the rolling shear strength, stiffness and behaviour 
and also the amount of waste from raw timber logs necessary, as not to impair the F2 hybrid being used as 
CLT. The project specification is endorsed by the appointed supervisor, given in Appendix A. The 
specifications used to govern these research objectives are given below: 
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1. Research the use of F2 hybrid pine and parameters surrounding rolling shear properties and 
performance in CLT. 
2. Theoretically investigate the performance of F2 hybrid pine and hypothesise the impact of how the 
parameters will influence the overall strength and behaviour of the CLT. 
3. Investigate, through testing, CLT rolling shear properties for different variations of influential 
parameters that may contribute to changes in rolling shear strength, stiffness and behaviour of F2 
hybrid pine. 
4. Conduct data analysis for any variations or correlations between the theoretical and experimental 
analysis for rolling shear properties. 
5. Use Finite element modelling (FEM) to predict and interpret the results obtained. 
 
 
1.4 Structure of the Dissertation 
 
The dissertation consists of 6 chapters consisting of tables, figures, symbols and equations. It is organised as 
follows: 
 
Chapter 1 introduces the topic, providing an overview for the use of CLT in the building and construction 
industry, including the problems associated within today’s society. The importance of the F2 hybrid being 
investigated is discussed along with the scope and objectives that the study is expected to deliver. The structure 
of the dissertation is also presented.  
Chapter 2 contains the literature review outlining: the manufacture, use and benefits of CLT in the building 
and construction industry; historical development of the F2 hybrid timber pine; parameters influencing the 
rolling shear properties based upon current research; current equations for predicting the rolling shear strength, 
modulus and stiffness for CLT; as well as the current design codes and regulations used for determining the 
characteristics of CLT. 
Chapter 3 defines the experimental program investigation, materials used, specimen preparation, test set up 
and procedure, devices used and how the parameters are being measured.   
Chapter 4 records the results obtained from the experimental testing and the experimental program. 
P a g e  | - 5 - 
 
Chapter 5 relates the results obtained to the theoretical equations and data. Defining the parameters influence 
and behaviour is discussed and characterised into subsets of results. Strand 7 FEM is used to validate the 
experimental data, also providing interpretation of the results.  
Chapter 6 provides a summary of the research completed and its corresponding findings. The influence of the 
parameters are concluded based on the theoretical, experimental and FEM found during the study. 
Recommendations of the F2 hybrid used as CLT based on rolling shear is given along with future areas of 
work provided.  
  






Chapter 2   Literature Review    
 
 
2.1 Cross Laminated Timber Introduction and Benefits 
 
CLT is an engineering timber solution, that’s laminar structure is able to withstand in and out of plane 
behavioural loads, has a light weight to strength ratio and high axial strength (Brandner et. al. 2016). CLT has 
two main components, being the wood source material and the adhesive product. This laminar structure 
consists of an odd number of layers varying in numbers from three to seven that are placed next to each other 
at an angle of 90 degrees to the adjacent layer, as shown in figure 2.1. Typically manufactured by means of a 
hydraulic press, the orthogonally laid product is glued together with an adhesive. After glue curing, 
prefabrication techniques are utilised to develop the structure into specific lengths, dimensions and profiles as 













Figure 2-1: CLT orientation for individual lamella's  
(Buck et. al. 2016) 
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As wood is an orthotropic material, the mechanical properties are variable based upon the orientation of the 
grain or axes of the wood (Nie, 2015). By laying the lamellas in the odd number arrangement, the greater 
strength properties are attained for both directions. CLT’s arrangement is quite similar to the lay-up of glue 
laminated timber (GLT) in terms of manufacture. However, CLT is able to achieve high strength properties 
for both directions of its laminar structure, allowing for greater versatility applications.  
 
With the continual concerning increase in CO2 emissions particularly in the building industry over the past 
few decades, there are growing societal expectations to develop more sustainable and environmentally friendly 
solutions. The global carbon footprint from the building and construction industry globally represents 39 % of 
CO2 emissions (Abergel et. al. 2017). As an appropriate response to this concern, CLT creates a more 
environmentally advantageous solution when compared to typical Portland concrete elements, of which are 
contributing to around 5 % of the total global CO2 emissions (Gartner & Hirao 2015).  In terms of 
environmental benefits, CLT attains the following advantageous (Reid et. al. 2004):  
 
 Low energy production  
 Carbon storage benefits 
 Carbon positive, it is the only known commercial building construction product that can 
positively address climate change 
 Naturally renewable 
 Non-toxic source even when broken down into the environment 
 Good natural insulation material 
 Measurable, slow and predictive fire performance 
 Positive effects on health and wellbeing 
 Cleaner building sites  
 Faster construction times 
 
Also in recent years, studies on timber being used for the construction for commercial buildings such as 
buildings, schools and hospitals has been found to impact the sympathetic nervous system of its occupants by 
reducing heart rate, stress and blood pressure (Wolf & Robbins 2015). 
 




2.2 Behaviour and Design of CLT 
 
CLT mechanical behaviour is complex due to its anisotropic properties and perpendicular orientation to the 
adjacent layer. The governing factor for failure in CLT when loaded in out of plane bending can be given by 
the induced stresses in either axes exceeding the orientations strength. This is a critical factor for the shear 
strength as this cross layer is the weak point for the CLT member. These shear stresses which cause shear 
strains in the radial-tangential plane are referred to as the rolling shear stresses which must be considered in 
ultimate limit state (ULS) and serviceability limit state (SLS) design (Ehrhart, et. al. 2015). Typically, ULS is 
governed by the out of plane loads while SLS governed by deflection. Constituting a failure mechanism as 
well as contributing to deflection, the rolling shear modulus (GR), strength (fR) and stiffness (GAeff) are 
important factors to consider upon designing with CLT (Ehrhart, et. al. 2015). The relationship between the 











2.2.1 Out of Plane Shear Design Theory 
 
The influence of shear is necessary to design as there is high shear flexibility of the transverse layers in CLT 
for out of plane loads. Due to the degree of interaction between layers (rigidity), there exists variations based 
on the gaps and unavoidable cracks that make up CLT. This is important for considering material parameters 
and lamella orientations for determining stress and stiffness values (Brandner et. al. 2016). For regular timber 
design, the simplicity of the Eulor-Bernoulli Beam theory exists that describes the relationship between the 
applied load and beams deflection. However, due to its constraints to shear, other analytical approaches based 
Figure 2-2 Relationship between the rolling shear strain directions and orientation 
of wood 
 (Zhou et. al.2014) 
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on theories are applicable to CLT (Brandner, et. al. 2016). One of these theories is known as the Gamma 
Method. The Gamma Method is based on mechanically jointed beams which takes into account rolling shear 
stiffness using ‘imaginary fasteners’ of which have stiffness efficiency factors that account for the rolling shear 
deformation in the cross layers (Gagnon & Popovski 2011). This theory neglects the shear deformation in the 
longitudinal layers and is based on sinusoidal harmonic loading on a simply supported element (Bajzecerová 
2017). Bajzecerová (2017) had also found that there is negligible difference when compared to distributed and 
point loads for simply supported CLT elements. This theory is adopted in Annex B Eurocode 5: Design of 
Timber Structures and thus acceptable for design practices (Gagnon & Popovski 2011).  
 
Another acceptable theory is the Timoshenko Beam theory, developed for anisotropic beams (Barbero et. al. 
1993). This method accounts for the shear stiffness relevant to the grain orientation and rotational bending 
effects. Unlike the gamma method which neglects longitudinal shear deformation, relevant shear modulus is 
accounted for in both longitudinal and cross layer direction (Bajzecerová 2017). The total deformation in a 
simply supported beam element is given from the total bending deformation and shear deformation. This theory 
also applies a shear correction factor based on the layers shear modulus (Danielsson 2017). The Timoshenko 
beam theory is reasonably accurate as consideration of shear flexibility is given. Bajzecerová (2017) had 
compared the two theories and found differences between 1 to 2 % when comparing deflection results obtained 
from the shear modulus values. Limitations of this study had found that larger variations in theoretical 
deflections were increasing for the ratio of span to cross section depth less than 25.  
 
Another more recent design theory is the Shear Analogy Method. This method considers both the shear 
modulus and modulus of elasticity relevant to its grain direction. Shear deformation is not neglected with the 
assumption of multi layered CLT panels can be modelled into two virtual beams which is not limited to any 
number of lamellas (Gagnon & Popovski 2011). These beams are connected by rigid web members so that 
equal deflections of these two members are the same. This method has been found to be suitable in analysing 
the stress distribution and behaviour of CLT lamellas (Zhou et. al.  2014). This method is adopted for the 
rationale of the Canadian Standards Association CSA 086:2014 - Engineering Design in Wood and CLT 
handbooks used in both American and Canadian markets (Gagnon & Popovski 2011).  
 
 
2.2.2 Current CLT Standards Adopted 
 
The Gamma Method, Timoshenko Beam Theory and Shear Analogy Method are proven approaches that are 
comparable and applicable (Brandner et. al. 2016). However, there are no approaches that are universally 
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adopted and consistencies between the approaches for strength and stiffness have yet to be harmonically 
examined experimentally and then proven.  
 
For the European design concept, partial safety factors and modification factors are required to fulfil design 
values. Following the European design concept example, the design rolling shear strength (fD) is given by 





 is the partial safety factor for material, usually given as 1.25, kmod is the modification factor required 
to determine design values and based on GLT for the adjustment of strength to real conditions and f
R,k
 is the 
unmodified rolling shear strength obtained from testing or analysis in MPa. The rationale behind this design 
modification is based on the significantly lower strength and elasticity of CLT when compared to its base 
material (Brandner et. al. 2016). This accounts for homogenisation of the timber elements and interaction 
variation.    
 
Currently, there exists no Australian or New Zealand standard for CLT design. However, adopted international 
standard Eurocode 5: Design of Timber Structures is widely used. This has not affected the growing demand 
of CLT as manufacturing and design is also influenced by the European Technical Assessments (ETAs) and 
design handbooks shown in Table 2.1. 
 
Table 2-1: Handbooks currently adopted for design of CLT 
Design Handbook Title Nationality Publisher 
BSP Handbuch German Graz University of Technology 
CLT Handbook Canadian & American FP Innovations 
Cross Laminated Timber Structural 
Design 
English & German ProHolz Austria 
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2.2.3 CLT Test Methods 
 
Test methods to determine the properties of structural timber, GLT and CLT are given by the European 
Standard EN408:2010 - Timber Structures - Structural timber and glued laminated timber - Determination of 
some physical and mechanical properties, alongside ASTM D2718-18 – Standard Test Methods for Structural 
Panels in Planar Shear (Rolling Shear) and EN16351:2015 - Timber Structures – Cross Laminated Timber – 
Requirements. One of these test methods is the Two Plate Shear Test. For CLT this test method uses a 
rectangular panel section sandwiched between two halves of steel or timber plates. Similar to the lay-up of 
CLT for the test method, with the longitudinal grain direction represented by the steel or timber plates and the 
centre orthogonally laid lamella. The angle between shear plane and force direction (α) is given as 14  ̊for all 
tests. Displacement is measured with displacement transducers, load cells or a suitable gauge which measures 
the slip between the two plates. Shear strength can be computed by the maximum load while the rolling shear 
modulus is attained from the plot of load versus slip. The rolling shear modulus (GR) and strength (fR) can be 




Where ∆F is the change in force applied respective to the change in displacement ∆𝑥, α is the angle between 
shear plane and force direction, tl is the thickness of the inner lamella, l is the length of the inner lamella and 
wl is the width of the inner lamella. 
 
Where Fmax is the peak load, α is the angle between shear plane and force direction, l is the length of the inner 
lamella and wl is the width of the inner lamella. This method is able to analyse smaller sample sizes and best 
suited for defining influencing parameter changes in CLT specimens. The test configuration set-up is given in 































Another adopted test methods by EN408:2010 - Timber Structures - Structural timber and glued laminated 
timber - Determination of some physical and mechanical properties is the 4 point bend test. This type of test 
analyses the lay-up of CLT as made in prefabrication and application. Dependent on the ratio of overall 
thickness (ℎ) to the length of its span under the test configuration, governs what material property is determined 
under loaded conditions, shown in table 2.2. The location of the load applied is equal from the centre of the 
specimen on both sides, 6ℎ. Local displacement is measured over the length of 5ℎ from the centre of the 
specimen and global displacement is measured over the entire span by a linear variable differential 
transformers (LVDT), string potentiometer or any relevant displacement gauge. The load is applied over a 
constant rate until maximum load is achieved, shown in figure 2.4. Alternatively, 3 point bending test can also 
be conducted under similar configuration.  
  
Table 2-2 Ratio of CLT thickness and material property obtained for 4 point bend test 
Span to overall CLT thickness (ℎ) ratio Material property value determined 
18 to 24  Out of plane bending strength and stiffness 
12 Rolling shear strength and stiffness 




Figure 2-3: Experimental test set-up of the two plate shear test 
 (Ehrhart et. al. 2015). 












2.3  Structural Grading 
 
There are two most commonly used grading methods adopted in Australia, these being visual stress grading 
and machine stress grading. For visual stress grading, visual inspection is undertaken for either softwood or 
hardwood timber and is graded in accordance with AS 2082:2007 - Hardwood - Visually stress-graded for 
structural purposes or AS 2858:2008 Timber- Softwood - visually stress-graded for structural purposes. 
Potential strength reducing characteristics such as knots, cracks and resin, are compared with the sizes and 
positions characterised in the standards as acceptable or not. The higher the grade, the smaller these 
characteristics are allowed (Tsehaye et. al. 2000). A machine graded system utilises a 4 point bending test to 
determine stiffness of a piece of timber and assign a stress grade in accordance with the standard AS/NZS 
1748:2006 - Timber - Mechanically stress-graded for structural purposes. The two most common grading 
systems are F-grades and MGP grades. For the F-grades, this gives characteristic design strengths for a 
particular species that have been commercialised (Tsehaye et. al. 2000). For a particular type of F-graded 
timber species, it will have a high probability of exceeding characteristics such as flexural strength but a very 
low probability of not reaching that value. Whereas MGP grades are specific for pine grown in Australia, 
where an extensive research programme has characterised accurate and more reliable design properties, 
reflecting the actual performance of pine better than the F-grade system (Walford 1996) 
 
Sections of timber not conforming to these grades, either visual or mechanically stress graded, are characterised 
as out of grade. There is a high resource for out of grade timber in the industry where the performance of its 
use as a CLT member is being widely researched (Cherry et. al. 2019). This is seen as a supplement to in-
graded wood, however the degree of out of graded wood that can be incorporated for use in a CLT member, 
has yet to be determined and incorporated into a standardised or accepted practice.      
Figure 2-4:  4 point bend test set-up 
(Sikora et. al. 2016) 
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2.4 Rolling Shear Influence on CLT 
 
As previously mentioned, the rolling shear properties are a critical factor when CLT is loaded in out of plane 
bending applications. Rolling shear properties are dependent on several critical influencing parameters 
including moisture content, growth ring orientation, growth ring width, location of the pith, geometry, clear 
wood and knotted wood. Experimental analysis for different species of timber which have varying microscopic 
cross cuts and qualities was completed by the work of Ehrhart et. al. (2015) which conducted a series of Two 
Plate Shear tests and noted several differences in rolling shear properties for f
R
 and GR.  
 
2.4.1 Moisture Content 
 
Previous studies on moisture content for the supply of lumber has been found to influence the mechanical 
properties of its modulus of elasticity (MOE), shrinkage, swelling, density and surface cracking. Hoffmeyer 
(1995) had found that the MOE in the grain direction had been reduced by approximately 1.5 % per 1 % change 
to the average MC of 12 %. Unseasoned timber is the term used where the MC in the element does not match 
the intended environment. This MC referenced in the AS 1720.1:2010 Timber Structures – Design Methods 
uses an approximate value of 12 % for seasoned timber where the standardised testing is outlined in 
AS/NZS1080.1:2012 – Timber – Methods of test – Moisture Content. This states that the oven-dry method is 
the only true and measureable test method for determining the moisture content for a timber element. However, 
there are other acceptable estimations of moisture content in timber elements such as an electrical resistance 
meter or capacitance meter, referenced in AS/NZS1080.1:2012 – Timber – Methods of test – Moisture Content 
cl. 5 and cl. 6, respectively. Using slash pine as an example from AS1720.2:2006 Timber Structures – Timber 
Properties, the reduction in unseasoned timber for the F stress grade varies from a value of 3-6 which shows 
that moisture content is recognised for a reduction in timber strength. Acceptable moisture content of u shall 
be recorded as (12 ± 3) %.    
 
Theoretical and experimental studies have been conducted that study the impact of increased moisture content 
in CLT members regarding the MOE perpendicular and parallel to the grain, shear modulus and cracking under 
drying of panel members (Gulzow et. al. 2010). Results indicate a similar response when compared to single 
timber members in finding the increase in moisture content decreases the shear modulus and MOE for all axes 
of timber grain direction. The results of the test for shear modulus is shown below in figure 2.5. The study had 
also indicated that for lower shear strains, an increase in stiffness was apparent adjacent to an increase in MC. 
This was deduced as a cause of the inner laminates of CLT beginning to swell, causing friction between the 
panels as cracks closed.  
















2.4.2 Sawing Patterns 
 
The cutting pattern of the boards used as members in CLT has been found in previous studies to greatly 
influence the rolling shear modulus properties. Dependent from the location of which the boards used in CLT 
members are sawn on the logs cross section, governs different grain patterns and the radial distance from the 









Figure 2-5: Average shear modulus recorded for changes to moisture content 
 (Gulzow et. al. 2010) 
Figure 2-6: Board locations relative to the logs cross 
section 
(Ehrhart et. al. 2015)  
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The cross section of the timber determines the growth rings orientation. These sections are usually sawn into 
terms of flat-sawn, rift-sawn or quarter-sawn. Different types of sawing methods produce certain variations of 
these terms, however as a general rule of thumb, the following can be considered relative to its orientation of 
the flat face of timber: 
1. Flat-sawn orientations run between approximately 0 to 30 degrees  
2. Rift-sawn orientations run between approximately 30 to 90 degrees 
3. Quarter-sawn orientations run between approximately 60 to 90 degrees.  
 
A study conducted by Aicher and Dill-Langer (2000) using numerical and FE-analysis, quantified the sawing 




In equation 2.5, σx refers to the line load at the edge of the upper lamella, t0 is the depth of the upper lamella, 
t is the depth of the cross sectional area under shear load, b is the width of the cross section specimen and ∆ux 
was evaluated as the average displacement along the specimen edge (Aicher & Dill-Langer 2000). The 
configurations are given in figure 5 below. The results indicated that GR varied significantly, where the 
difference between the smallest and largest GR value was 4 times greater for configurations 1 and 3, 
respectively. However, it should be noted that the studies boundary conditions based upon the formula 2.5 at 
edges produce a different response when compared to real bending situations. The results of this study are 




















Figure 2-7: Configurations of different growth ring orientations analysed 
(Aicher & Dill-Langer 2000) 











The growth rings represent a single period of growth over time. The greater the width between the rings 
orientation represents the amount of cells produced by the vascular cambium tissue. For the visual 





The term corewood describes the change of properties from the centre of the stem to the outer. 1720.1:2010 
Timber Structures – Design Methods defines the influence of the corewood adjacent to the pith where density 
(ρ) is less than 80 % than that of mature trees in cl 1.7.2.6. In recent years, research has been focused on 
understanding the amount of corewood influence on the performance of wood product utilisation. In most 
cases for solid wood, the corewood has been seen as less desirable a section of wood. Comparisons have been 
made in the literature for solid wood that describe differences in grain angle, cell dimensions and an increased 
resin content known to have an impact on attaining attributes for a low modulus of elasticity and strength due 
to the change in ρ (Moore & Cown 2017). This corewood influence varies for different species of timber and 
is having an influence on wood processing. Literature has suggested use in new engineered wood products 
such as GLT and CLT, where little impact has been found relating the effects of corewood to stiffness and 





Figure 2-8: Shear Modulus GR numerically investigated for different 
configurations  
(Aicher & Dill-Langer 2000) 
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2.4.4 Clear Wood & Knotted Wood 
 
The term clear wood describes the quality of the wood which is defect free from imperfections such as knots 
and blemishes. There is an association with knots and a reduction in strength and stiffness (Karsulovic et. al. 
2000). Knots are formed from branches embedding themselves in the pith and then progressively moving 
outwards in the radial direction over time. These imperfections are visual to the naked eye, however techniques 
for measuring the boundaries from knots to clear wood can be undertaken by ultrasonic devices. Karsulovic 
et. al. (2000) conducted a study that concentrated on the influence zone of knots on radiata pine by using 
ultrasonic wave propagation. By measuring the interaction of the wave propagation parameters surrounding 
knotted areas, changes to the material properties were recognised for stiffness variations. 
 
Visual inspections for determining various types of knots, locations and are classified as either acceptable or 
unacceptable as a structural member, generally in the category of out of grade timber for larger or irregular 
shaped knots. The shape of the knot varies on the direction of the sawn surface. Cutting the lumber at a right 
angle to the branches forms closely rounded knots whereas oval knots are formed when cutting along a 
diagonal direction to the branch. Furthermore these are classified as either intergrown or encased knots. 
Intergrown defining a live limb that is still supporting growth of the branch and encased where the limb is dead 
(Smith 2016). An encased knot is generally less problematic to an intergrown knot as growth of the tree trunk 
over the dead limb causes less fiber cross grains. As timber mechanical properties are variable based on the 
orientation of the fiber, knots can cause large reductions in stiffness and strength (Kretschmann 2010). As 
there are numerous branch locations, sizes, ages and sawing angles, there are also numerous differing fiber 
directions surrounding these regions, making analysis complex to quantify these effects. Concu et. al. (2012) 
conducted bending tests for CLT panels with varying clusters of knots and noted failure mode in 
correspondents to these regions. This is shown in figure 2.9. As highlighted, there is a gap in knowledge to 









Figure 2-9: Corresponding failure of CLT specimens to the regions of 
knots 
(Concu et. al. 2012) 




The relationship of CLT parameters for width (b1) and thickness (t1) is given by Brandner et. al. (2016) where 
the ratio of b1 / t1 > 4. A reduced resistance to rolling shear occurs for ratios of b1 / t1 < 4, caused by an increase 
in tension of perpendicular stresses. This ratio is supported by EN16351:2015 - Timber Structures – Cross 
Laminated Timber – Requirements section F.3.1. The t1 of any CLT layer is given by EN16351:2015 - Timber 
Structures – Cross Laminated Timber – Requirements cl 5.2.2.3 between the range of 6mm to less than or 
equal to 45mm. The exception to this rule is for three layered CLT members which can be up to 60mm for the 
middle section of timber. A study conducted by Ehrhart et. al. (2015) recorded several differences in b1 / t1 
ratios for 𝑓𝑅 and 𝐺𝑅, where both increase in these properties were apparent for b1 / t1 = 6. This was deduced 
from higher stress peaks for closer ratios of b1 / t1 = 2.  
 
2.5 Timber Adhesive 
 
As a part of the manufacture of CLT elements, requires a suitable adhesive product for the bonding of the 
orthogonally laid lamellas. Widely adopted adhesives for CLT manufacturing include a melamine urea 
formaldehyde (MUF), a one component polyurethane (PUR) or an emulsion polymer isocyanate (EPI). These 
are either face bonded or in the production of finger jointed lamellas in accordance with their respective product 
technical data sheets which stipule curing, press time and application rates. Standards are adopted for 
compliance for timber bonding agents and suitability of the product classes and are given in AS/NZS 4364:2010 
– Bond Performance of Structural Adhesives. As long as the bonding agent is able to satisfy the conditions for 
a structural adhesive; maintaining the bond integrity for the remainder of the structural components lifetime, 
environmental conditions and suitability for structural use, it is considered to comply with AS/NZS 4364:2010 
– Bond Performance of Structural Adhesives. 
 
Determining the quality of the interface bond between lamellas are based on the local shear strength and wood 
failure percentage (Sikora et. al. 2015). There is difficulty in attaining the depth of penetration for the bonding 
agents into timber but there are accepted and adopted test procedures that are dedicated to providing provisions 
for defining CLT delamination testing in EN16351:2015 - Timber Structures – Cross Laminated Timber – 
Requirements and supported by Canadian and American CLT handbooks (Sikora et. al. 2015). The occurrence 
of defects over bonding areas has been found to affect the performance of timber joints by Grunwald et. al. 
(2014) that made conclusions for a 50 % defect area achieving a capacity of 70 % of that of defect-free joints. 
This is an important criteria for using out of grade characteristics in CLT design, creating defective adhesive 
bonding areas.  
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2.6  F2 Hybrid Timber 
 
The F2 hybrid pine grown and developed in Queensland in the 1950’s, is a second generation cross between 
Slash Pine (Pinus elliotti var. elliotti) and Caribbean Pine (Pinus caribaea var. hodurensis). The Forest Research 
Institute in Queensland (QFRI) introduced the F1 hybrid pine as a method to attain the attributes of better 
growth rate, straightness and greater tolerance on wet sites given by the Pinus elliotti and superior wind 
resistance (stiffness) and stem quality governed by Pinus caribaea (Stanger et. al. 2010). This is evidently 
supported by Dieters & Brawner (2007) denoting that this hybrid does not have superior traits to its pure bred 
parents but merely retains advantageous qualities of both. As the first generation of hybrids required hand 
pollination which was not only costly but caused heterogeneity, it was not deemed viable for commercial use 
(Brawner et. al. 2003). This was then recrossed between the progeny to develop the F2 hybrid which develops 
a greater production of viable seeds, strong attributes from the parents and a more stable cross (Brawner et. al. 
2003). Thus, being the main source of plantation since the 1980’s, its suitability to fulfil the role of feedstock 
for the CLT manufacturing plant is under investigation. No publically available research materials are provided 
for the F2 hybrid being used as a CLT member. Material properties of the F2 hybrid timber investigated in this 
research, is given below in table 2.3 (Cherry, R 2019, pers. Comm., 29 Sep).  
 
Table 2-3: Material properties of F2 hybrid timber (Cherry, R 2019, pers. Comm., 29 Sep). 
Average bending MOE 6.9 GPa 
True MOE 7.18 GPa 
Flexural Strength  45.8 MPa 
 Compression MOE parallel to grain 6.08 GPa 
Compression Strength parallel to grain 29.9 MPa 
 Compression MOE parallel to grain 0.29 GPa 
Compression Strength parallel to grain 7.3 MPa 
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2.7 Theoretical Analysis Development 
 
To predict, explain and understand the rolling shear properties of the F2 hybrid CLT members, theoretical 
analysis is used based on relevant standards, codes and handbooks. As stipulated previously, there are 
international standards, theories and handbooks that pertain to the theory of predicting these properties 
accurately. The CLT handbook published by FPInnovations (2013) describes the rolling shear modulus (GR) 
from numerous dynamic and numerical methods, by the relationship with the true modulus of elasticity 






In equations 2.6 and 2.7, GR is the rolling shear modulus in MPa, GO is the shear modulus parallel to the grain 
orientations of the lamellas in MPa, the value 16 represents the performance rate of softwoods used in CLT 
and ETrue is the true modulus of elasticity in MPa (FPInnovations 2013). Typically, this is taken as a 
conservative value to determine GR. 
 
 The shear analogy method is utilised, accounting for the shear deformation of the cross layers. The effective 





Where, a is the distance from the centroid of the top layer to the centroid of the bottom layer in mm, h1 is the 
thickness of the top layer in mm, GO is the shear modulus parallel to the grain orientation of the individual 
lamella in MPa, b is the design width of the cross section in mm, hi is the corresponding thickness of each 
inner lamella layer in mm, Gi is the corresponding shear modulus or rolling shear modulus depending on the 
orientation of each inner lamella layer in MPa, bi is the corresponding design width of the cross section in mm 


































Literature in this chapter has highlighted the environmental benefits and design of CLT. Discussing the role 
rolling shear plays for ULS and SLS design where important factors, strength and stiffness are critical and 
influential to its versatility in applications. Out of grade characteristics have been identified as having a role in 
affecting rolling shear properties which include moisture content, sawing patterns, corewood, clear wood, 
knotted wood, geometry and growth ring width. A focus on quantifying the influence of these parameters is 
needed particularly for the F2 hybrid in question as this type of timber has reached full maturity in plantations 
around Queensland and is seen as source of feedstock for use in CLT. The gap in knowledge is identified for 
quantifying parameters influencing the F2 hybrid as a CLT member and relating these to an internationally 
accepted test setup and design theory. Additionally, no publically available research materials are provided for 

















This chapter discusses the research objectives, materials utilised, test set-up and instrumentation used for the 
experimental analysis as well as the method of analytical research for the program. The literature review has 
highlighted the importance of rolling shear properties in CLT for out of plane loading conditions and how there 
are several wood characteristic parameters that can influence these properties. 
 
The research investigation is used to identify current adopted and accepted design theories, standards and test 
methods that can be used to quantify the influence of these parameters. The parameters being investigated 
during the experimental analysis focus on growth ring orientation, growth ring width, location of the pith, 
geometry, clear wood and knotted wood. The experimental procedure utilises the Two Plate Shear Test, as a 
wide variety and quantity of parameters can be controlled to investigate singular influences on rolling shear 
properties.   
 
3.2 Materials used for Experimental Testing 
 
Due to the importance of identifying if the F2 hybrid timber could be utilised as feedstock for Hyne and Son 
Pty Ltd, this second generation cross between Slash Pine and Caribbean Pine softwood sections were utilised 
for the inner lamella of the Two Plate Shear Test. To quantify the influence of rolling shear parameters affects, 
out of grade timber lengths were supplied by the Maryborough Sawmill in 2m timber lengths. The outside 
orthogonally laid lamellas to the inner lamella was a structurally graded Pine timber. A stronger quality of 
timber used as the plates were necessary as not to impair the F2 hybrid undergoing experimental testing. The 
batch grade conformed to AS/NZS 1748.1:2011 – Timber – Mechanically Stress Graded, achieving an MGP10 
average quality of seasoned wood (refer to figure B1).  
 
Purbond HBS309 bonding adhesive was applied in accordance with the product data sheet. This is a 
polyurethane based adhesive liquid single-component. The adhesive cures under the action of air humidity and 
moisture in the wood to yield a strong non-brittle film. The application applied was face gluing of the surfaces 
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on one of the timber surfaces at a rate of approximately 140 to 180 g/m2. Purbond HBS309 is approved and 
classed as a type 1 adhesive in accordance AS/NZS 4364:2010 – Bond Performance of Structural Adhesives. 
Technical details for the adhesive is given in table 3.1 and product data sheet in figure E1.  







3.3 Specimen Details 
 
To analyse a wide variety of parameters influencing the rolling shear properties, 39 test specimens were 
developed. From the F2 hybrid timber lengths obtained, sections of the wood were marked and cut to a length 
of 140mm. A controlled investigation can then be carried out by using control clear wood sections and a range 
of other influential parameters for comparison purposes. The corresponding sample number values were given 
from the sections of wood (1, 2, 3) with an alphabetic value depicting which timber length it was taken from 
(A, B, C). The sample specimens were then characterised into the attributes general headings depicted in Table 
3.2. The full testing parameters worksheet is given in figure C1.  
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After the F2 hybrid inner lamella details were recorded, the specimens were bonded using the Purbond HBS309 
to the structurally graded timber pine lengths of 250mm x 45mm x 140mm. A completed sample and schematic 
view of the specimen configuration is given in figures 3.1 and 3.2, respectively.  
Purbond HBS309 Techanical Properties Corresponding Value 
Density (kg/m3) 1,160 
Viscosity (MPa.s) 24,000 
Cure time / Press time (minutes) 75 
Applied pressure under curing (MPa) 0.6 to 1.0 















    
Figure 3-1: Typical test specimen sample 
Figure 3-2: Schematic view of typical specimen sample 
(Drawn in Autocad) 
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3.4 Specimen Preparation 
 
Initially for the specimen preparation, the supplied 2 m F2 hybrid timber lengths were analysed for varying 
parameters regarding the amount of knotted wood, clear wood, growth ring orientation and location of the pith. 
Once a desired number of variations were marked and satisfied literature criteria, these were then cut into 140 
mm lengths with the numeric and alphabetic labelling convention, given in figure D1. The relative knot size 
and clear wood was recorded through means of visual grading. Similar to the grading system in sawmills, 
based on AS 2858:2008 Timber- Softwood - visually stress-graded for structural purposes, relative to the size 
of the knotted wood, it was analysed by the size ranges of <19.4 mm, 19.4 mm < 31 mm, greater than 31 mm 
and also for non-circular shapes. Visual grading is the more conservative method of grading when compared 
to mechanical stress grading, however as the supplied timber lengths were supplied as out of grade, the 
corresponding size of clear wood and knotted wood were deemed satisfactory to fulfil the purpose of finding 
the varying influence towards the rolling shear properties. Using a protractor, the grain orientation was 
measured, along with the growth ring size measured with a ruler respective to the radial direction. The location 
of the pith was measured with a drafting compass to determine the location of the pith relative to the x and y 
axis, taken from the bottom left corner of the test specimen. Variation in geometry thickness (t) was taken, 
from 35 mm and 25 mm. Similar parameters were taken from these specimens with only changes in t, in order 
to compare experimental values in rolling shear modulus theory used to predict the performance of CLT for 
design. Each of the specimens were weighed to obtain density values.  
 
For the outside timber plates, these sections were cut into 250 mm x 45 mm x 140 mm lengths. In order to 
satisfy the Two Plate Shear Test criteria, the samples were cut at an angle of 14 ̊ along the 250 mm x 45 mm 
plane for all tests, similar to Erhart et. al (2015) where the centre line of action given by the applied load acts 
through the centre of the test specimen.  
 
For the bonding of these lamellas together, the specimens were sanded around the intended gluing surface prior 
to bonding and wiped with a cloth to remove any excess sawdust, shown in figure 3.1. The glue was applied 
at a rate of approximately 140 to 180 g/m2 which was about 1mm thick on the inner side for each side of the 
outer plates, shown in figure 3.3 below. This was then clamped together with 2 clamps each applied a pressure 
of approximately 0.5 MPa each and allowed to cure for a minimum of 90 minutes, as shown in figure 3.4 








These specimens were then conditioned to room temperature at approximately 20 ̊C ± 2  ̊for 20 days. Once in 
laboratory conditions, the moisture content was recorded with a protimeter moisture meter. The settings were 
adjusted to calibration C used for Slash and Caribbean pines. Moisture content parameters were not 
investigated in this research, however maintaining u = (12 ± 3) %  as an acceptable level in accordance with  
AS 1720.1:2010 Timber Structures – Design Methods was recorded to ensure satisfying seasoned timber as 
Figure 3-4: Applied adhesive to timber plate specimens 
Figure 3-3: Applied pressure under curing to timber specimens 
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not to influence results.  For the specimens 1C, 4F and 5G, two strain gauges were attached on the centre of 
the specimens with one on each side of the inner lamellas face. One measuring the strain in the radial direction 
and the other side measuring the tangential strain. This was bonded to the surface using an araldite based 
adhesive, as shown in figure 3.5 below. Limitations to the construction of these specimens in a non-commercial 
industrial application, is given by the following: 
 The approximate application rate of the Purbond HBS309, by weighing the mass manually in 
accordance to the product technical data sheet. 
 Even spreading of the intended bonding area using a scraper by visual inspection. 














3.5 Test Setup and Instrumentation 
 
For the testing of the sample specimens, several pieces of equipment were used to determine the experimental 
rolling shear strength, modulus, strain and behaviour. These items are shown in appendix C figures which 
included:   
 
 1 x Mechanical press 
 1 x Ø285 mm Circular steel plate 
Figure 3-5: Bonding of strain gauges to test 
specimens, shown for the tangential direction. 
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 1 x 2000 kN capacity Load Cell 
 1 x Rectangular steel plate  
 1 x String Potentiometer  
 1 x Computer with proprietary laboratory calibration and data recording software 















The test set up with strain gauge attachment, is shown in figure 3.7 below. 
 
  
Figure 3-6: General Test setup and specimen for testing 
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3.6 Finite Element Model Development 
 
To validate the strain measurements taken in the experimental analysis and to analyse areas that result in a 
behaviour of high stress concentration, leading to an explanation as to how the material leads to failure 
response, a finite element model is developed. Strand7 software is utilised, applying a linear static solver, 
replicating the experimental test setup assuming that both the load magnitude and direction do not change with 
time and the mechanical behaviour of the materials in the model follow the theory of Hooke's law. To 
successfully replicate the experimental test setup, a 2D plane is utilised with the overall dimensions using 
figure 3.2 replicated which has an inner lamella thickness of 35 mm. Freedom cases for the global coordinate 
system utilise a 2D plane which are fixed for rotation in the 𝑥, 𝑦 and 𝑧 directions as well as fixed translation in 
the 𝑧 diection. Boundary conditions are based on the specimen’s placement to the rectangular steel plate, i.e. 
translation is fixed for the nodes at this location in the 𝑥, 𝑦 directions. An edge pressure load was applied, 
replicating the circular steel plate with an even load distribution for load cases 5 kN, 10 kN, 15 kN and 20 kN, 
perpendicular to the 14 ̊ cut section, acting through the centre line of action, causing rolling shear stresses to 
the model. A fine mesh is applied by subdividing the model into 1mm sections, necessary for accuracy of 
results. A perfect bond of the PUR adhesive is assumed, as not to apply any additional material strength under 
loaded conditions, therefore the timber elements are assumed to act as a single rigid body in the model. Figure 
3.8 shows the Strand7 FE model developed with the boundary conditions and applied load. Detailed figures 














Figure 3-8: Strand7 model for the 
experimental test setup 
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As timber is an orthotropic material, model development based on the orientation of the timber direction is 
necessary to successfully model the timber lamellas using Strand7 software. Timber material properties for the 
MGP10 timber plates and F2 hybrid inner lamella are given in table 3.3. Where, E1 is the young’s modulus 
parallel to the grain, E2 is the young’s modulus perpendicular to the grain, G12 is the shear modulus acting in 
the 1,2 plane, Ѵ12 is the poisson’s ratio in the 1,2 plane, and ρ is the density. The relationship between the layer 
mechanical assumptions and its orientation is given by Cherry et. al. (2019) and utilised to determine 
mechanical values based on the young’s modulus parallel to the grain for timber. The value for G12 is attained 
from equations 2.6 and 2.7 described earlier and applied to the relevant cross-section of the 1,2 plane. In this 
instance, the 1,2 plane, refers to the Strand7 software cross section view, as previously shown in figure 3.2. 
The value for obtaining E2 is given from equation 3.1 (Cherry et. al. 2019). E1 and ρ for the MGP10 timber, 
was taken from the AS1720.1:2010 Structural Timber - Design Methods table H3.1. The value of Ѵ12 for the 
MGP10 timber is taken for slash pine, as the specific species is not stipulated, this being 0.45 (Kretschmann 
2014). Whereas, the ρ for the F2 hybrid was taken as the average value for the clear wood specimens from the 
experimental testing. The mechanical properties of the F2 hybrid specimens for the batch of supplied timber 
have been tested and the average batch of results are presented in table 3.3 for Ѵ12 and E2 (Cherry, R 2019, pers. 

















Material Property MGP10 F2 Hybrid 
E1 10,000 MPa 7,180 MPa 
E2 333 MPa 290 MPa 
G12 625 MPa 44.9 MPa 
Ѵ12 0.45 0.4365 
ρ 500 kg/m3 526 kg/m3 











This chapter of the dissertation presents the results of the experimental testing, including each specimens 
failure mode. Strain development graphs from the three specimens analysed under loaded conditions are also 
given for the radial and tangential directions. During the testing period, observations were made and are 
presented in this chapter. Varying parameters results are also given, showing trend observations, hypothesised 
to be influencing the rolling shear modulus (GR) and strength (fR).  
 
 
4.2 Load vs Deformation and Behavioural Response 
 
Measuring the deformation in the direction of the applied load for the specimens was recorded by the string 
potentiometer whilst the load cell recorded the applied load with the circular steel plate applying the load from 
the jack. Rolling shear stresses were applied to the CLT specimens under the experimental loaded conditions 
as described in chapter 3 for all of the specimens. Load against deformation response was recorded for the 
specimens and is given in this chapter for each batch results. 
 
 
4.3 Behaviour of the ‘A’ Specimens 
 
It was noted that the nature of failure for specimens 2A, 3A and 4A was shear, whereas specimens 1A, 5A and 
6A was glue failure, as seen below in figures 4.1 and 4.2, respectively. 
 





















There is a correlation for the difference in densities between the two types of failure modes, glue and shear. 
Where the greater the density of the F2 hybrid specimens resulting in glue failure. This seems to be influenced 
by large areas of knots in each specimen which results in a much denser specimen. The density range for clear 
wood specimens specimens 2A, 3A and 4A were 508 kg/m3 to 514 kg/m3, compared to the knot specimens 1A, 
5A and 6A which were 544 kg/m3 to 782 kg/m3. The failure mode seems to result from higher stress acting 
perpendicular to the grain in compression near the applied load glue edge between the specimen and the outside 
plate. Similarly, the stress acting perpendicular at the bottom glue edge is acting in tension, thus failure mode 
acting in the path of least resistance being either glue or shear failure in this instance. Another important note 
from the shear failure of the 3A specimen is the cracking direction of travel, influenced by the glue plane edge 
Figure 4-1: Specimen 3A shear failure. 
Figure 4-2: Specimen 1A glue failure. 
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which is a typical failure type of crack propagation for the underside of a beam when an applied load is acting 
out of plane.  
 
The load and deformation was recorded for all the ‘A’ specimens which was then plotted below in figure 4.4. 
 
 
It can be seen from figure 4.3 that the specimen 3A recorded the highest applied load of 28.7 kN, whereas the 
lowest recorded load was taken from specimen 5A being 13.1 kN. For the shear failure specimens, deformation 
at peak failure was observed at 2.2 mm, 1.85 mm and 1.54 mm for specimens 3A, 4A and 2A, respectively. 
The glue failure specimens also had an inconsistent range of deformation where the smallest recorded value 
of 1.5 mm for the 6A specimen at an applied load of 14.6 kN, to the greatest value of 1.95 mm for the 1A 
specimen at an applied load of 21.5 kN. This inconsistency as previously stated, may be a resultant of the 
greater knot influence in these specimens. Difference in geometry is observed between the shear failure 
specimens, in particular specimen ‘3A’ had a reduced thickness of 25 mm when compared to specimens 2A 
and 4A which had thicknesses of 35 mm. This difference in peak load of 12.6 kN between 3A and 4A, and 
14.7 kN between specimens 3A and 2A, may be a resultant of an increasing amount of tension perpendicular 
to the grain stresses when combined with the rolling shear stresses has been observed in lower b1 / t1 geometry’s 


























Figure 4-3: Load (N) vs Deformation (mm) for the ‘A’ specimens 
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4.4 Behaviour of the ‘B’ Specimens 
 
For the range of ‘B’ specimens, consistent glue failure was observed among all the tested F2 hybrid 
configurations, as shown below in figure 4.4. 
 
Similarities are observed and consistent with the range of ‘B’ and ‘A’ specimens resulting in glue failure, of 
which are large areas influenced by knots. These denser specimens ranging from 761.9 kg/m3 to 909.3 kg/m3, 
again incurred failure near the applied load glue edge between the specimen and the outside plate. This is 
consistent with literature on wood knot influence, where the presence of knots greater than 8mm2 in area causes 
deviations in the fibre direction affecting the anatomical structure of the wood. However, unlike the sample 
‘A’ specimens, the ‘B’ specimens didn’t have as much variation between peak load and deformation. This may 
be a resultant of the consistent large size of elongated knot areas in the ‘B’ specimens, whereas the ‘A’ 
specimens had large variations in knot areas, ranging from small to large. The load against deformation for the 
‘B’ specimens is plotted below in figure 4.5. 
Figure 4-4: Specimen 2B glue failure 
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Figure 4-5: Load (N) vs Deformation (mm) for the ‘B’ specimens 
 
From figure 4.5, it can be seen that consistency of peak load and deformation is similar for the ‘B’ specimens, 
where the maximum peak load is achieved by both specimens 2B and 4B at 19.9 kN. For maximum 
deformation, this was achieved be specimen 1B at 2.2 mm. The largest variance for the ‘B’ specimens was the 
deformation between 1B and 3B, being 0.5 mm whilst both achieving a peak load of 18.3 kN. This greater 
skew can be shown from the 2B specimen displacement at the recorded peak load and continuing until ultimate 
failure. As recorded failure was glue and not shear amongst the specimens, the heterogeneous mixture of the 
CLT specimens was slightly varied due to the regions of knots and may have had influence against the force 
applied in the fibres direction, causing failure along the glue edge and not in the inner lamella region (Rocha 
et. al. 2018).   
 
 
4.5 Behaviour of the ‘C’ Specimens 
 
The mode of failure for specimens 1C and 2C was outer plate failure, whereas specimens 3C, 4C and 5C were 














































From figure 4.6, it can be seen that specimens 1C and 2C failed in the outer plates under loaded conditions in 
the region where the CLT member was located. The outer plates are of structurally graded seasoned pine and 
tested to an average quality of MGP10 in accordance to AS/NZS 1748.1:2011 – Timber – Mechanically Stress 
Graded. Thus being an average batch quality, the plates used for these specimens may have been slightly below 
the samples average and resulted in failure. As shown in figure 4.7, shear failure was observed by specimens 
3C, 4C and 5C. For these shear failure specimens, cracking was also observed in the same response as specimen 
3A for loads being applied out of plane.  
The load and deformation for the ‘C’ specimens was recoded and plotted below in figure 4.9.  
Figure 4-6: Specimen 1C plate failure 
Figure 4-7: Specimen 4C shear failure 
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Figure 4-8: Load (N) vs Deformation (mm) for the ‘C’ specimens 
 
Regarding shear failure from figure 4.8, it can be seen that the maximum peak load was achieved by specimen 
4C at 30.7 kN, whereas the lowest peak load was recorded by specimen 5C at 18.4 kN. Large differences in 
deformation is also observed between specimen 3C and 5C, being 0.7 mm. Influence from knot size is a notable 
difference between these three specimens and observing from the greatest to smallest deformation respectively, 
specimen 3C containing no knots with the greatest deformation, 4C containing two circular 40 mm size knots 
and specimen 5C having multiple larger elongated knots up to 80 mm in length. Specimen 3C reached a peak 
load of 21 kN and continued to deform at this load until ultimate failure at the greatest deformation of 3.8 mm. 
This gradual failure response under loading represents a potential slip of the CLT member, as the failure nature 
for timber is typically quite sudden and quick. This may be the reason why this smaller thickness of 25 mm 
for the inner lamella is not similar to specimen 3A in reaching a higher peak load, with the difference of 7.7 
kN between them. For the two plate failure specimens, the peak load was observed as 26.6 kN and 25.6 kN for 
1C and 2C, respectively. The difference in deformation of is also shown in figure 4.8 as 0.2 mm. This similar 
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4.6 Behaviour of the ‘D’ Specimens 
  
For the ‘D’ specimens, the failure type was plate failure for 1D and 2D, whereas shear failure was observed 
from specimens 3D, 4D, 5D and 6D. These failure modes for plate and shear are shown below in figures 4.9 




For the plate failure ‘D’ specimens shown in figure 4.9, failure response is the same as the ‘C’ specimens 
where plate failure is localised to the inner lamella region and seems to be the response to the batch quality of 
the structurally graded outer plates. Similarly, shear failure for four of the ‘D’ specimens is observed and 
Figure 4-9: Specimen 1D plate failure 
Figure 4-10: Specimen 5D shear failure 
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consistent near the edges between the inner lamella and plate edges where the stresses of tension and 
compression are greatest. The results from the ‘D’ specimens were recorded and plotted below in figure 4.11.  
 
 
Figure 4-11: Load (N) vs Deformation (mm) for the ‘D’ specimens 
 
From figure 4.11, it can be seen that the peak load and maximum deformation was achieved by specimen 5D 
at 25.4 kN and 2.3 mm, respectively. The two plate failure specimens 1D and 2D recorded values of 22.8 kN 
and 24.1 kN for peak load with 2.1 mm and 2.2 mm for deformation, respectively. Differences between the 
5D specimen to 1D and 2D was that 5D had a two knots, one the size of 13 mm and the other 27 mm in 
diameter. Specimens 1D and 2D were both clear wood specimens and did not achieve greater results than the 
5D specimen, however these two specimens did not fail in shear and direct correlation cannot be stipulated 
based on this premise. Specimen 6D failed in shear and reached a peak load of 24.9 kN and 1.75 mm. This 
specimen had a greater area of knotted wood when compared to specimen 5D and achieved a small difference 
in peak load of 0.5kN but a larger difference in deformation is observed of 0.55 mm. In regards to deformation, 
the influence of this greater area of knotted wood in specimen 6D is hypothesised to be the main cause of 
variation. The thinner 25 mm specimen 3D, recorded a peak load of 17.3 kN and did not fail as expected of 
typical timber failure response but instead was gradual until reaching a maximum deformation at failure of 2.1 
mm. Small shear failure is observed as the cause of this behaviour whilst not causing ultimate failure of the 
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4.7 Behaviour of the ‘E’ Specimens 
    
For the batch of ‘E’ specimens under loaded conditions, typical failure response was observed in the nature of 
shear for specimen 1E, 2E, 3E, and 5E whilst specimen 4E response was plate failure. Shear failure and plate 













Figure 4-12: Specimen 1E shear failure 
Figure 4-13: Specimen 4E plate failure 
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Similarly to all failure responses for plate failure, specimen 4E had failed due to delamination of the outer plate 
localised to the inner lamella region. Shear failure response for all other ‘E’ specimens were also consistent 
with failure near the inner lamella and outer pate edges. The results of the load and deformation test are plotted 
and shown below in figure 4.14.  
 
 
From figure 4.14, it can be seen that the maximum peak load and deformation was achieved by the clear wood 
2E specimen at 30.7 kN and 2.47 mm, respectively. Specimen 3E had displayed earlier signs of settling and 
dislocation and stopped prior to ultimate failure and thus is disregarded from comparison, as seen from the 
unusual response plotted in figure 4.15. Specimen 1E had similar physical characteristics as 2E but with two 
40mm diameter knots and a smaller average growth ring size as the main distinctive differences. When 
comparing specimen 1E to 2E, there is significant difference in peak load and deformation being 16.3 kN and 
0.99 mm, respectively. Specimen 5E also achieved a comparatively low result of 16.4 kN and 2.1 mm with 
only notable low average growth ring size. Possibly representing the amount of cells produced over a single 
growth period, the timber section having better interlocking of its cells with respect to the greater the growth 
ring size. Prior to plate failure, specimen 4E has obtained a peak load of 21 kN and 2.4 mm deformation which 




























Figure 4-14: Load (N) vs Deformation (mm) for the ‘E’ specimens 
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4.8 Behaviour of the ‘F’ Specimens  
 
For the ‘F’ specimens, shear failure was consistent for all tested and shown below in figure 4.15. 
 
Failure response for the ‘F’ specimens in shear were different from previous shear specimens. These ‘F’ 
specimens all characterise failure acting through the centre of the pith which has not been tested previously 
through this report. As the centre of the pith transports the nutrients throughout the life of the raw tree, this 
spongy elements mechanical characteristics are softer than the outer layers. Acting through the path of least 
resistance under loaded conditions from the outer edges of the inner lamella and outer plates where the highest 
point of acting stress in tension and compression is and then cracking relative to the centre of the pith is 
observed and shown in figure 4.15. All four of these ‘F’ specimens had the pith located in the centre of the 
inner lamella. The results of the ‘F’ specimens under loaded conditions were recorded and is plotted below in 
figure 4.16. 
 
Figure 4-15: Specimen 3F shear failure 
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Figure 4-16: Load (N) vs Deformation (mm) for the ‘F’ specimens 
 
As shown from figure 4.16, the highest peak load and deformation was observed by specimen 3F at 22.9 kN 
and 2.1 mm deformation. In comparison of peak load with deformation from 3F to specimens 1F and 4F, a 
reduction of 2.3 kN and 5.6 kN with 0.6 mm and 0.32 mm, respectively is given. This variance is expected due 
to the soft spongy pith located on the CLT member affecting density. Specimen 2F displayed the lowest peak 
load and deformation of 16.5 kN and 1.44 mm which is most likely due to the only ‘F’ specimen containing 
two knots in the sizes of 16 mm and 25 mm in diameter. Another notable aspect from the testing was the 
expected sudden shear at ultimate and peak failure for all specimens.  
 
 
4.9 Behaviour of the ‘G’ Specimens 
 
The types of failure response observed from the ‘G’ specimens was primarily glue failure, excluding specimen 
3G which failed in shear. Glue and shear failure for the ‘G’ specimens is shown below in figures 4.17 and 







































Glue failure response is shown in figure 4.17 and similar to the ‘B’ specimens, a large presence of knots 
characterised these CLT members, excluding the 2G specimen. Therefore, failure near the applied load glue 
edge between the specimen and the outside plate was observed, an effect of the presence from the knot 
influence, believed to be affecting the anatomical structure of the wood. Similar failure is observed by the 3D 
shear specimen where shear failure has occurred with a section of rotting on the inside of the CLT member 
and then moved alongside the plate to inner CLT member plane edge, shown in figure 4.18. The results from 
the ‘G’ specimens were recorded and plotted below in figure 4.19. 
Figure 4-17: Specimen 5G glue failure 
Figure 4-18: Specimen 3G shear failure 
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It can be seen from figure 4.19, that specimen 2G with no knots achieved the highest peak load at 23.1 kN with 
an associated gradual response failure at deformation of 2.25 mm. Similar peak load response were obtained 
for the ‘G’ specimens, with specimen 4G achieving the lowest recorded peak load at 19.3 kN, however 
obtained the largest deformation of 2.6 mm. The variation in deformation is the key note from the batch of ‘G’ 
specimens as the altering knot influence is apparent between them and may be a factor as to why these 
variations are occurring.  
 
 
4.10 Behaviour of the ‘H’ Specimens  
 
The final batch of specimens observed from the experimental testing was the ‘H’ specimens which all recorded 
shear failure. Typical shear failure is shown below for this batch in figure 4.20. Similar to the failure behaviour 
of the ‘F’ specimens, shear was localised from the high tensile and compression stress areas located near the 
CLT member and the outer plate. Cracking has propagated towards the centre of the pith. In this instance for 
the ‘H’ specimens, the pith is located near the edge of the CLT and the outer plate. This is an important 
observation as regardless of the pith location on the cross section of the CLT member, it is seen as a section of 
least resistance under loaded conditions and typical shear failure response. The results for the ‘H’ specimens 
























Figure 4-19: Load (N) vs Deformation (mm) for the ‘G’ Specimens 





From figure 4.22, it can be seen that the peak load is given by specimen 5H at 30.7 kN and 2.2 mm deformation. 
This specimen has a reduced thickness of 25 mm and causality may be due to the better rolling shear resistance 
for greater b1 / t1 geometry’s as stipulated earlier. Similar load against deformation trends are observed from 
figure 4.22 for the ‘H’ specimens. However, variations are apparent in the achieved peak load and deformation 
which may be a result of the pith located on these specimens. Average growth ring size may also be a notable 
reason for differences in achieved load and deformation. The greater the growth rings size, the greater the peak 























Figure 4-20: Specimen 1H shear failure 
Figure 4-21: Load (N) vs Deformation (mm) for the ‘H’ Specimens 
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4.12 Summary of Results  
 
It can be seen that three specimens had reached a peak load of 30 kN whilst the average value reached by the 
majority of specimens was 20 kN. There are observed differences in the achieved peak load and deformation 
response between all specimens which was to be expected, due to the varying parameters analysed. Three main 
failure response of the specimen were observed in the nature of shear, glue and plate failure. Strain gauge 
readings showed the CLT specimens response to crack propagation by the skew of results for micro-cracking 
and the expected high levels of microstrain in both directions. Maximum microstrain was observed in the 
tangential direction until ultimate failure was reached.  
 
  











This chapter discusses the results outlined during the experimental testing and compares them to the 
behavioural response, rolling shear GR, fR values and expected patterns that relate to the current theory and 
literature. The effect of knot influence is investigated against clear wood specimens, where the size and shape 
of the knot is analysed for its response in obtaining rolling shear GR and fR values. Regression analysis is 
utilised to determine the effects that the influencing variables for grain orientation and growth ring size against 
rolling shear GR and fR values. The effect of geometry is also given in this chapter, outlining how the 
experimental values obtained for GR and fR, relate to the ratios of b1 / t1. Also, equations found from the 
literature are used to validate the experimental results obtained and relate them to the current design theory 
using the shear analogy method for calculating rolling shear stiffness (GAeff). Adaptations for the F2 hybrid 
incorporation as a CLT member based on these experimental findings are given. Finally, a validation of the 
experimental results was conducted for the strain propagation graphs and to corroborate the behaviour of the 
CLT specimens under loaded conditions using Strand7 FE analysis software.    
 
 
5.2 Effect of Knot Influence 
 
For determining the effect of knot influence amongst the tested specimens, key distinctions were analysed and 
recorded. These included size, shape and total area of the knots. For analysis purposes, control specimens were 
also tested per batch that displayed near identical characteristics of the knot specimens, as they were taken 
from the same timber length and cut to suit. These control specimens were in the form of clear wood sections 
and then using the same timber length, sections of less to more frequent occurrences of knots and changing 
size and shape were chosen. The testing parameters recorded for knot influence is given below in table 5.1 
with the ‘A’ specimens used as an example. The full list of testing parameters is given in Appendix C. 
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5x Knots. 2x<19.4 
mm, 1x31 mm, 2x>31 
mm 
2450.0 38850.0 0.280 634.9 Glue 
2.A No Knots 0.0 41300.0 0.224 507.9 Shear 
3.A No Knots 0.0 36700.0 0.162 514.3 Shear 
4.A 
2x Knots. 2x<19.4 
mm 308.1 40991.9 
0.225 510.2 Shear 
5.A No Knots 0.0 41300.0 0.240 544.2 Glue 
6.A 
2x Knots. 1x 
elongated>31 mm. 
1x31 mm 
1564.2 39735.8 0.345 782.3 Glue 
 
General sizes of the knots were recorded, measured and then determined based on the CLT geometry, weighed 
with its associated density in kg/m3. As shown in table 5.1, the greater the knot area present in the specimen, 
the denser the specimen. The greater the amount of knots present in wood including size shape and its 
distribution, affects the mechanical strength of its stiffness and strength properties (Rocha et. al. 2018). The 
experimental tests conducted, are in attempt to find the amount of influence in the CLT member based on these 
changes to knots present. Firstly, smaller sized knots characterised as equal or less than 19.4 mm in diameter 
are presented in figure 5.1 and compared with the associated control specimens with the same geometry. The 
values of GR and fR are taken from equations 2.2 and 2.3, respectively and applied to the experimental results 
for the specimens shown in figure 5.1 and given in table 5.2 below.    
 
As shown in table 5.2 for the comparison of similar batch specimens, the identified ‘<19.4 mm’ knot specimen 
GR values were similar if not the same or outperforming the clear wood specimens for each batch. The knot 
specimen 4A had achieved a GR value of 26.47 MPa, 0.3 MPa lower than sample 2A. However, the 5A 
specimen achieved a greater value of 32.51 MPa which can be assumed to be typical wood property variance 
among clear specimens (Green et. al. 1999). The fR value for 2A was greater than both of these clear wood 
specimens. The batch of ‘D’ specimens were also consistent in this response where specimen 4D had achieved 
the middle range of 40.61 MPa for GR but had a lower value of 1.5 MPa for fR. Lastly, the specimen 3H had 
achieved a greater GR and fR value than its clear wood correspondents, being 46.65 MPa and 2 MPa, 
respectively. Theses deductions from the experimental results indicate there is small variation from the clear 
wood specimens but greater and lower values for GR and fR were apparent, describing an average range of 
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typical wood response achieved. Thus, shows no clear signs that for knots smaller or equal to ‘<19.4 mm’, 
influence the rolling shear modulus or strength characteristics.  
  












2.A No Knots 26.77 1.1 
4.A 
2x Knots. 
2x<19.4mm 26.47 1.2 
5.A No Knots 32.51 1.0 
1.D No Knots 38.01 1.8 
2.D No Knots 43.19 1.9 
4.D 
2x Knots. 
2x<19.4mm 40.61 1.5 
1.H No Knots 45.04 1.6 
2.H No Knots 41.40 1.6 


















Comparing Results from '<19.4mm' Size Knots to Clear Wood 










Figure 5-1: Comparing ‘<19.4 mm’ knot specimens to the clear wood specimens from the experimental results 
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The second range of knot influence analysed is the size greater than a 19.4 mm in diameter but still retaining 
the circular shape. Thus, the area influenced by the knot is localised to a specific region on the specimen but 
not distorted across entire surfaces. Similarly to the ‘<19.4 mm’ knot specimens analysis, the values of rolling 
shear modulus (GR) and strength (fR) are compared to clear wood specimens for each batch. This load against 
deformation for these specimens are shown below in figure 5.2 and then again using equations 2.2 and 2.3, GR 
and fR are calculated in table 5.3 below.  
 
 












1C No Knots 41.40 2.1 
2C No Knots 41.91 2.0 
4C 
2x Knots. 2x >31 
mm 47.36 2.4 
1.D No Knots 38.01 1.8 


















Comparing Results from '>19.4mm' Size Knots to Clear Wood Specimens 















Figure 5-2: Comparing ‘>19.4 mm’ knot specimens to the clear wood specimens from the experimental results 
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5D 
2x Knots. 1x19.4 
mm. 1x>31 mm 38.40 1.9 
6D 
2x Knots. 1x31 mm, 
1x>31 mm 36.12 1.9 
1.E 
2x Knots. 2x>31 
mm 32.28 1.1 
2.E No Knots 46.08 2.4 
5.E No Knots 37.56 1.3 
1.F No Knots 43.88 1.6 
2.F 
2x Knots. 1x 19.4 
mm. 1x >31 mm 38.87 1.3 
3.F No Knots 44.95 1.8 
4.F No Knots 42.3 1.4 
 
For the larger knot specimens shown in table 5.3 above, it can be seen that different variations are apparent 
based on the corresponding batches. For both batches ‘E’ and ‘F’, the specimens that had knot attributes 
displayed reductions in both GR and fR. By taking the average value of the clear wood specimens for GR and fR 
respectively, specimen 2F had a reduction of 11 % and 18.8 % whilst specimen 1E had a reduction of 22.9 % 
and 40.6 % which is quite significant. This is due to the fibers around the knot leading to discontinuity of the 
typical grain fibers direction, causing higher stress concentrations. The specimens 5D and 6D which were also 
characterised by knot influence, showed a reduction in GR of 5.5 % and 11.1 % respectively against the average 
batch value of their clear wood specimens. However, both of these specimens had larger fR values of 2.7 % for 
both 5D and 6D in comparison to the average batches. This may be a resultant of the varying influence that 
knot growth features have for timber. This is supported by the achieved results of the 4C specimen, of which 
achieved an increased value for both GR and fR being 12 % and 14.6 % respectively. Thus, a decrease for 
specimens with knot sizes ‘>19.4 mm’ are apparent for both GR and fR but there is variation of this influence 
of the knot which can be stipulated by the non-uniform distribution of stresses (Green et. al. 1999).  
 
Lastly for knot influence, is the elongated shaped knot specimens where knots encase most of the surfaces. 
Comparisons are similarly made to clear wood specimens in their batches to determine GR and fR. The load 
and deformation for these specimens are shown below in figure 5.3 and converted to their respective GR and 
fR values in table 5.4 below.  
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Figure 5-3: Comparing elongated knot specimens to the clear wood specimens from the experimental results 
 
 












2.A No Knots 26.77 1.1 
5.A No Knots 32.51 1.0 
6.A 




1C No Knots 41.40 2.1 
2C No Knots 41.91 2.0 
5.C 
4x Knots. 1x 19.4 
mm < 31 mm, 3x 
>31 mm elongated 
37.60 1.4 
2.E No Knots 46.08 2.4 
4.E 
1x Elongated knot. 
>31 mm 37.44 1.6 
5.E No Knots 37.56 1.3 
1.G 
2x Elongated Knots. 


















Comparing Results from Elongated Shaped Knots to Clear 
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2.G No Knots 43.22 1.8 
3.G 
1 elongated Knot 
>31 mm 35.83 1.6 
4.G 
3 Elongated knots. 
3x>31 mm 32.39 1.5 
5.G 
3 Elongated knots. 
3x>31 mm 41.19 1.7 
 
For the elongated knots specimens, it is evident from table 5.4 above that there is consistency amongst each 
batch specimen for reductions in GR and fR. By using the average for each batch sample for comparison of 
specimens, specimen 6A had displayed a reduction of 12.7 % for GR and increase of 4.6 % for fR, respectively. 
This slight increase for fR can also be deduced from the discontinuity of grain orientation of the knotted 
specimen, developing non-uniform stress distribution (Green et. al. 1999). Whereas the reduction in GR for 
specimen 6A is typical for reductions caused by knot influence and supported by the other batch sample results. 
For GR, the specimens 5C and 4E had reductions of 9.8 % and 10.5 % respectively. Specimen 5C had also 
displayed significant reductions in fR of 29.9 % whereas specimen 4E had a smaller variation in a reduction of 
10.3 %. The range of achieved GR values for the ‘G’ specimens varied quite significantly, the greatest reduction 
being 30.2 % for specimen 1G and the smallest reduction being 4.8 % for specimen 5G. For the range of fR 
values, a smaller range of variation in reduction was achieved, this being 16.4 % for specimen 4G and 5.8 % 
for specimen 5G. Evidently shown, a reduction in both GR and fR is apparent amongst the elongated knot 
specimens with variation on the degree of reduction, as expected of knot specimens. For eight elongated knot 
specimens typical failure response was glue failure excluding three specimens 5C, 4E and 3G which includes 
the batch of ‘B’ specimens without a clear wood correspondent. This is most likely due to the adhesive glue, 
cohesively bonding to large surface areas of fibre discontinuity and thus resulting in a limitation of the 
experimental testing of these specimens by not failing as a typical response of rolling shear failure.  
 
In summary, the effect of knot influence varied significantly dependent on the size of the knot when compared 
to each batches clear wood specimens. For the general size characteristics for less than 19.4 mm in diameter, 
the achieved results for both GR and fR were similar and no clear patterns were identified for reductions. As the 
size of the knot increased above this limit, there were trends of consistent reductions of both GR and fR but 
varied significantly which is to be expected of non-distributive fiber directions characterised by knot influence, 
causing variations in stresses around this knotted region. Cohesion from the glue adhesive was also identified 
as a limitation of the experimental testing for the elongated knot specimens due to bonding of large surface 
areas of fiber discontinuity for those specimens.  
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5.3 Effect of Pith Location and Grain Orientation 
 
5.3.1 Pith Location 
 
In determining the effect of pith location and grain orientation, each specimen was characterised by the location 
of the pith relative to the bottom left corner of each specimen’s cross section, if it was or was not located on 
the sample and the angle of maximum grain orientation. To characterise each effect of these variables, 
regression analysis will be used to identify which variables are having an influence on the rolling shear 
modulus (GR) and strength (fR). As determined earlier, larger knots greater than 19.4 mm, have an influence on 
reducing GR and fR values and thus these specimens will be neglected from this analysis. These specimens 
utilised for this analysis also have the same board geometry. 
Firstly, pith location is analysed for 17 specimens where the variables are characterised into groups shown 
below in table 5.5. The experimental values achieved for the corresponding GR and fR are then given in figure 
5.4.  
 
Table 5-5: CLT specimens characterised according to their respective pith location 
 
Specimen 
Pith Location Description 
Off Centre. Not 
located on 
sample (1) 









centre of sample 
(4) 
2.A   ×     
4.A ×       
5.A ×       
1.C ×       
2.C ×       
1.D ×       
2.D ×       
4.D ×       
2.E ×       
5.E ×       
1.F     ×   
3.F       × 
4.F       × 
2.G   ×     
1.H     ×   
2.H       × 
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As shown above in figure 5.4, the average GR values achieved for the pith location descriptions 1 through to 4 
were 38.64 MPa, 35 MPa, 44.46 MPa and 43.83 MPa, respectively. The greater achieved values for GR was 
for the medulla located on the sample which all failed in shear through the centre of the pith. The coefficient 
of variance (COV) was also determined from equation 5.1 below in order to assess the volatility of the 




Where, 𝜎 is the standard deviation of the dataset and μ is the mean of the dataset. The COV for the pith location 
description 3 and 4 were calculated as 2 % and 6 %, respectively which were comparably low against 1 and 2 
being 15 % and 30 %. This indicates that with the medulla located on the CLT specimens, a greater and more 
predictable GR value is achieved when compared to those specimens without. The medulla located on the 
specimens do not indicate a reduction in fR. These average values achieved for the pith location descriptions 1 
through to 4 are 1.67 MPa, 1.43 MPa, 1.58 MPa and 1.7 MPa, respectively. Again, the COV range is smaller 
for the medulla specimens ranging from 1 % and 17 % for locations descriptions 3 and 4 respectively, 
indicating a better predicted performance from the experimental results for fR. A limitation from this 
comparison is the smaller dataset for pith location descriptions 2 and 3. However, as the larger trend of data 
shown for pith location descriptions 1 and 4 is patterned to similar trends in ranging data with large variations 
without the medulla and smaller variations with the medulla, it is deemed satisfactory for this research project 

































Figure 5-4: Rolling shear properties relevant to pith location, modulus (left) and strength (right) 
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The best approximation for predicting the grain orientation of both GR and fR is given from a polynomial 
regression. For GR, the ‘R-squared’ value is approximately 86.8 %, indicating a response measure for these 
specimens can be predictable. As the polynomial regression model for GR indicates a smaller percentage 
variance, it can be safe to assume there is a relationship between grain orientation and GR. The greatest GR 
values achieved on average, was for the 90 degree specimens, being 44 MPa. This is significantly greater than 
the 40 degree specimens, having the smallest average of 28.6 MPa. This indicates that for the board segments 
closer to the pith, the grain orientation is of a higher degree alongside a greater GR value achieved. This is 
supported by the findings of Aicher & Dill-Langer (2000) where the lower GR values recorded were found 
from the flatter orientations (0 degrees). For fR, the ‘R-squared’ value is approximately 56.6 %, indicating less 
of a predictable indicator when compared to GR. However, the relationship is still described by the polynomial 
regression but with greater variance. The greatest average value achieved for fR was from the 60 degree 
specimens, being 1.92 MPa. Whereas, the lowest average value was again described by the 40 degree 
specimens, being 1.12 MPa. Described by the polynomial line for fR, it indicates a peak response between 60 
degree to 70 degree grain orientation specimens and then a reduction when approaching grain orientation up 
to 90 degrees. A limitation from this analysis is the lack of specimens with grain orientation less than 40 
degrees and between 60 to 90 degrees.  
In relation to the grain orientation, accompanies growth ring width, describing the relationship between the 
amount of cells produced over a given growth period of time. Typically for mature wood, i.e. smaller grain 
orientation degrees, this width is reduced. Thus, it is important to characterise the degree of variance for each 
grain orientation based on this width. The 17 specimens are then grouped into each grain orientation specified 
in table 5.6, with the average growth ring width measured across the radial distance. This is shown in table 5.7 
and then plotted similarly to grain orientation for GR and fR in the form of a regression model, shown in figure 
5.6 and 5.7, respectively.  
 
Table 5-7 CLT specimens characterised according from grain orientation to growth ring width (mm) 
Specimen 
Grain orientation (degrees) 
40˚ 50˚ 60˚  90˚ 
Growth ring width (mm) 
2.A 8.6       
4.A 9       
5.A 11       
1.C     9.2   
2.C   10     
1.D   9.2     
2.D     9   
4.D     8   
2.E     10.7   
5.E   8.8     
1.F       9.8 
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3.F       10.3 
4.F       9.9 
2.G     9.1   
1.H       11.5 
2.H       8.5 




As shown from figure 5.6, there is a consistent linear relationship with an increase in GR with respect to an 
increase in growth ring width. The maximum increase in GR with respect to growth ring width, is displayed by 
the 50 degree specimens being approximately 3.8 MPa/mm increase. Whereas the minimum increase in GR 
with respect to growth ring width, is displayed by the 90 degree specimens, being approximately 1.37 MPa/mm 
increase. The ‘R-squared’ values are consistently high, between the ranges of approximately 83% to 96%, 
y = 2.5945x + 3.8484
R² = 0.9602
y = 3.7995x + 3.6975
R² = 0.944
y = 1.9862x + 24.628
R² = 0.8297














Growth Ring Width (mm)
40˚ 50˚ 60˚ 90˚
y = -0.0502x + 1.5942
R² = 0.33
y = 0.5477x - 3.4474
R² = 0.8447
y = 0.3048x - 0.8863
R² = 0.9193













Growth Ring Width (mm)
40˚ 50˚ 60˚ 90˚
Figure 5-6: Rolling shear modulus (GR) against growth ring width for CLT specimens 
Figure 5-7: Rolling shear strength (fR) against growth ring width for CLT specimens 
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indicating a predictable response under loaded conditions for rolling shear. This relationship describes the 
smaller variance that is accompanied by grain orientation for changes in the growth ring width with respect to 
GR. From figure 5.7, it can be seen that there is a non-consistent trend with an increase in fR with respect to 
growth ring width. The 40 degree specimens show a slight decrease in fR by 0.05 MPa/mm increase in growth 
ring width, almost negligible. Whereas the other specimens show increases in fR by up to 0.55 MPa/mm 
increase in growth ring width, displayed by the 50 degree specimens. The ’R-squared’ values are inconsistent 
across different grain orientations and trends are uncertain based on the experimental fR values achieved. Thus, 
it can be safe to assume that there is an increase in fR values based on an increase in growth ring width but this 
is highly variable, affiliated with the greater variance in fR for grain orientation. More test specimens are needed 
to construct a linear relationship to describe this trend 
 
 
5.4 Effect of geometry 
 
In order to determine the effect that the geometry of the inner lamella for the CLT specimens developed during 
the experimental analysis has on the rolling shear GR and fR by using equations 2.2 and 2.3 respectively, 5 clear 
wood specimens had a reduced thickness of 25 mm. As previously mentioned, specimen 3E had initial 
settlement and dislocation issues and thus is neglected from this part of the analysis. Similar to the pith location 
and grain orientation analysis, larger knots greater than 19.4 mm will be neglected from this comparison and 
the reduced thicknesses will be compared to their respective batches. These specimens are given in table 5.8 
with their respective GR and fR values, which are then plotted in figure 5.8 below.  
 
 










2.A 35 26.77 1.08 
3.A 25 29.04 2.2 
4.A 35 26.47 1.24 
5.A 35 32.51 1.03 
1.C 35 41.40 2.1 
2.C 35 41.91 2.0 
3.C 25 27.60 1.6 
1.D 35 38.01 1.75 
2.D 35 43.19 1.85 
3.D 25 33.57 1.3 
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 ETrue = True modulus of elasticity = 7.18 GPa 
 GO = Shear modulus parallel to the grain orientation = 448.75 MPa 
 
Table 5-9: Experimental and Theoretical results for rolling shear modulus 
Specimen Thickness (mm) 
 Experimental 
Rolling Shear 
Modulus (GR) Mpa 
Theoretical Rolling 






35 28.58 44.88 -16.30 
25 29.04 44.88 -15.84 
50˚ Grain 
Orientations 
35 39.16 44.88 -5.72 
25 27.60 44.88 -17.28 
60˚ Grain 
Orientations 
35 42.9 44.88 -1.98 
25 33.57 44.88 -11.30 
90˚ Grain 
Orientations 
35 44.04 44.88 -0.84 
25 34.32 44.88 -10.55 
  
Table 5.9 shows the theoretical values for GR as greater than all of the experimental results. As the theoretical 
equations are used to describe a conservative value which is then used to determine GAeff, the more 
conservative value of GR will be taken between the experimental and theoretical results. These results are then 







This section uses the equations found from the literature to theoretically validate the experimental results 
obtained and relate them to the current design theory using the shear analogy method for calculating rolling 
shear stiffness (GAeff). The experimental values obtained for GR are grouped into their batches for grain 
orientations and thickness, where the average values of GR are presented and compared with equation 5.2 in 
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experimental analysis. Equation 5.3 is used to describe GAeff for the similar cross section of the CLT during 







 ℎ1 = Thickness of the top CLT layer = 35mm 
 ℎ𝑖  = Thickness of the inner CLT layer = taken from table 5.9 in mm 
 ℎ𝑛 = Thickness of the bottom CLT layer = 35mm 
 𝑏 =  𝑏𝑖 = Design width = 90mm 
 𝐺𝑂 = Shear modulus parallel to the grain orientation = 448.75 MPa 
 𝐺𝑖 = GR = More conservative value taken from table 5.9 in MPa 
 𝑎 = The distance from the centroid of the top layer to the centroid of the bottom layer in mm 
 
The results from equation 5.3 in conjunction with table 5.9 are defined below in table 5.10 
 
Table 5-10: Results for GAeff values relating to obtained GR values. 
Specimen Thickness (mm) 
Rolling Shear Stiffness 

























Figure 5-9: Cross-section of 3 layer CLT member 
(FPInnovations 2013) 











It can be seen that for the conservative value was obtained from all experimental GR values, a maximum 
corresponding GAeff  value of 927.7 * 106 N/m is calculated. There is a relationship governed by GR where the 
lower the value relates to the lower the subsequent GAeff which is shown by the more conservative experimental 
values. This is also supported by the 25mm specimens and is expected by the relationship between modulus 
and stiffness. As found from the lower grain orientation experimental GR values are not in relation to the 
conservative theoretical value of 44.88 MPa. As stipulated in the specimen preparation, construction of the 
materials were not in a commercial CLT manufacturing environment and could also warrant for not achieving 
this conservative theoretical value for any experimental results. Thus, the theoretical equation of GR is proposed 
to be modified to account for lower grain orientations as found from the experimental results where the F2 
hybrid is used as CLT, where GO / 16 in replacement of the existing 10, stipulated in the American CLT 
handbook for conservatively achieving GR based off GO (FPInnovations 2013). This is shown below in 











Modulus (GR) Mpa 
Proposed Theoretical 
Rolling Shear 





35 28.58 26.40 2.18 
25 29.04 26.40 2.64 
50˚ Grain 
Orientations 
35 39.16 26.40 12.76 
25 27.60 26.40 1.20 
60˚ Grain 
Orientations 
35 42.9 26.40 16.50 
25 33.57 26.40 7.18 
90˚ Grain 
Orientations 
35 44.04 26.40 17.64 
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5.6 5.6 FE Model Discussion 
 
A validation of the experimental results was conducted for the strain propagation graphs and to corroborate 
the behaviour of the CLT specimens under loaded conditions using Strand7 FE analysis software. As such, a 
linear static solver, replicating the experimental test setup was conducted for the loading conditions of 5 kN, 
10 kN, 15 kN and 20 kN. This study focuses on the areas of higher stress concentration acting between the 
plate edge and inner lamella region where high areas of compression and tension were perceived, as well as 
the locations of strain gauges attached to the specimens. 
For the regions between the plate edge and inner lamella, Von Mises stress is analysed and shown in figure 
5.10 for the 20 kN loaded condition. All four combinations have been included in Appendix F.  
 
 
Figure 5-10: Strand7 Von Mises stress for CLT specimen (20 kN load) 
 
As shown from figure 5.10, the location between the outer plate and inner lamella for the loaded and boundary 
condition areas, displays a maximum compression state with a value of approximately 25.4 MPa. The area of 
maximum tension is displayed in respective of the opposite edge being approximately 13.2 MPa. Enhanced 
zoomed views of these localised areas are shown in figure F11. As such, it corroborates the theory of failure 
response of the specimens acting through these regions and consistent for shear failure response. As failure of 
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the larger knot specimens was glue failure, acting through high compression to tension, the effect of fiber 
discontinuity with bonding surfaces is a likely cause of this failure response. Regions where changes in material 
properties such as the location of the pith in some of the specimens indicated failure response from the area of 
high compression, through the medulla and then into opposite edges of high compression or tension. It is 
hypothesised that if this region can be quantified from the change in material properties, than the FE model 
could predict and interpret results for this and other parameters where changes in material properties are an 
occurrence, such as the influence of knots. As found from the influence of knotted regions, it can be highly 
variable and the effect of bonding would need to be considered. To justify this hypothesis, experimental results 
for stress would first need to be compared to the FE model, to define any correlation of results obtained.  
 
Shown in figures 4.22 and 4.23, strain graphs were developed from strain gauges attached to three CLT 
specimens, 1C, 4F and 5G by measuring the strain in the radial and tangential plane. The values achieved for 
the load response of 5 kN, 10 kN, 15 kN and 20 kN can be compared to the regions of stress from the CLT FE 
model, i.e. 𝑥 = radial direction and 𝑦 = tangential direction. The conversion from stress to strain can be given 
by equation 5.5.  
     
  
Where, 𝜀 is the strain, 𝜎 is the stress in MPa and 𝐸 is the young’s modulus.  
 
Shown in figure 5.11 is an example of the values taken from the FE model for an applied load of 20 kN, where 
𝑥𝑥 represents σ in the radial direction and 𝑦𝑦 represents 𝜎 in the tangential direction. As the mesh size is 1 
mm x 1 mm, the average result for σ is determined from 20 values, simulating the strain gauge length and 
location for a comparable result. These average values are taken for the four loaded conditions and converted 
to 𝜀 by using equation 5.5, where E in this instance is equal to E2 for the F2 hybrid CLT specimen. This is then 
compared to the experimental specimen values for strain, shown in table 5.12. A full list of these values used 
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The values for ε from the experimental CLT specimens varied significantly when compared to the Strand7 
results. Specimen 4F showed the greatest variance against the FE model which is a resultant of the effects of 
micro-cracking through this region where the strain gauges were located, skewing the results. For the radial 
direction, both specimens 1C and 5G values trend around the FE model except for when reaching near ultimate 
failure which resulted in large measurements for microstrain. Using a linear static solver, the FE model does 
not model failure response, as shown from the experimental strain gauges as it reaches failure, displaying an 
exponential increase in microstrain. A similar response is observed for the tangential direction, however there 
is a greater variance for the specimen 1C, where low values of microstrain are recorded until reaching higher 
loads, reducing the percentage difference. Overall, there is correlation between the experimental results and 
the Strand7 model for this localised region of strain gauge attachment with a degree of variance. A limitation 
of this experimental measurement is the relatively small area against the cross section of the CLT specimen. 
As timber is a complex structure, predicting its behaviour under loaded conditions would need to accompany 
a larger area to analyse (Luguza et. al. 2013). In this instance a digital image correlation (DIC) measuring 
strain for the cross section would be a more suitable tool to analyse this for further research and to quantify 
this correlation.     






Chapter 6 Summary and Conclusions 
 
 
6.1 Summary of Results 
 
Cross laminated timber (CLT) is a modernised engineering solution that was developed in the 1990’s, first 
originating in Austria. This product has been recognised for its competitive nature by having a light weight to 
strength ratio, high axial strength and ability to withstand in and out of plane behavioural loads. With changes 
to the Australian building code in 2016, it has seen the regulations to timber buildings increase to 30 m in 
height which recognises the demand for CLT in the industry.  
 
With the continual concerning increase in CO2 emissions particularly in the building industry over the past 
few decades, there are growing societal expectations to develop more sustainable and environmentally friendly 
solutions. As an appropriate response to this concern, CLT creates a more environmentally advantageous 
solution when compared to typical Portland concrete elements. The demand is on the rise for CLT being used 
in multi-storey buildings due to its eco-friendly and cost effective solution. The F2 hybrid being investigated 
is reaching maturity in plantations around the Queensland region, where suitability needs to be carried out to 
determine if the F2 hybrid being able to fulfil the role as feedstock for the manufacturing plant.  
 
The governing factor for failure in CLT when loaded in out of plane bending can be given by the induced 
stresses in either axes exceeding the orientations strength. This is a critical factor for the shear strength as this 
cross layer is the weak point for the CLT member. These shear stresses which cause shear strains in the radial-
tangential plane are referred to as the rolling shear stresses.  
 
As an appropriate response to this demand and failure type of CLT, rolling shear properties focusing on 
strength, stiffness and behaviour are investigated in this study. Parameters influencing these shear properties 
are experimentally tested and compared with theoretical and finite element modelling (FEM) for data analysis. 
The parameters being investigated during the experimental analysis focus on growth ring orientation, growth 
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ring width, location of the pith, geometry, clear wood and knotted wood. The experimental procedure utilises 
the Two Plate Shear Test, as a wide variety and quantity of parameters can be controlled to investigate singular 
influences on rolling shear properties.   
 
Results indicated differences in the achieved peak load and deformation response between all specimens which 
was to be expected, due to the varying parameters analysed. The effect of knot influence varied significantly 
dependent on the size of the knot for both rolling shear modulus (GR) and strength (fR) which is to be expected 
of non-distributive fiber directions characterised by knot influence, causing variations in stresses around these 
knotted regions. The centre of the pith located on CLT specimens gave a more predictable response and had 
an increasing effect on GR but not on fR. Lower grain orientations were found to accompany lower achieved 
results for both GR and fR, where increases of these properties were observed with higher grain orientations, 
described by a polynomial regression. Variations in similar grain orientations were also characterised by the 
growth ring width, where the greater the growth ring width, accompanied greater GR and fR values. Regarding 
geometry, greater width (b1) / thickness (t1) values, were associated with lower values achieved for GR. 
However, inversely greater b1 / t1 values, were associated with higher values achieved for fR. A comparison of 
experimental results to the shear analogy theory for calculating effective rolling shear stiffness (GAeff) 
indicated a modification to account for lower grain orientations where the F2 hybrid is used as CLT, given in 
equation 5.4. Using Strand7, a FE model was developed, replicating the experimental test setup which was 
able to describe the behaviour of the CLT specimen under an applied loaded condition. Strain measurements 
were correlated between the two analysis methods for the localised region of strain gauge attachment. 
 
 
6.2  Conclusions 
 
Based on the experimental research, theoretical analysis and FE model of the F2 hybrid pine CLT specimens, 
key conclusions can be made and drawn from this program. These conclusions include: 
 
 Circular knots found from typical timber sections of the F2 hybrid timber less than 19.4mm in 
diameter can be used in CLT as reductions in rolling shear modulus (GR) and strength (fR) were not 
evidently attributed from the experimentally loaded configurations.  
 
 Knots greater than 19.4 mm in the shape of being round or elongated, displayed patterned 
characteristics of discontinuity of stresses around the knotted region, adversely reducing GR and fR by 
a maximum of 30.2 % and 40.6 %, respectively.  
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 For CLT specimens with the centre of the pith located on the sample, an increase in GR was apparent 
by up to 9.5 MPa on average and a more predictable response was indicated by the COV for both GR 
and fR when compared to those specimens without.    
 
 A polynomial regression indicated that for an increase in grain orientation up to 90 degrees, also 
characterised greater GR values by up to 15.4 MPa when compared to the 40 degree specimens.  
 
 Increases in growth ring width describes variances for the relative grain orientation with maximum 
influences of GR by up to 3.8 MPa/mm increase for the 50 degree specimens.  
 
 Reductions in GR were apparent based on higher b1 / t1 board geometry’s, however greater fR 
response under loaded conditions were achieved. 
 
 It was determined that based on the shear analogy method, lower experimental values for GR were 
apparent when compared to the conservative theoretical value obtained for GR. Thus, a proposal to 
modify the conservative theoretical value to GO / 16 to obtain GR, accounting for the F2 hybrid pine 
lower grain orientations, is recommended to be incorporated for use as CLT. 
 
 Correlation between the Strand7 FE model and the experimental results for strain were identified for 
a localised region of the CLT specimens. Thus, the FE model can be used as an analysis tool for 
quantifying parameters for changes in material properties. 
 
 
6.3  Recommendations for Future Work 
 
This research has highlighted the use of the F2 hybrid timber being used in CLT. Varying parameters were 
experimentally tested and recorded values were compared to theoretical and FE model software for industry 
use. To continue to meet the demands in industry for CLT incorporation and promote further growth, 
recommendations for future work are provided that coincide with this findings found from this research. These 
include: 
 
 Harmonically compare experimental results to the current theories for determining rolling shear 
strength and stiffness to make a recommendation for incorporation into an Australian standard 
compilation. 
 
 Determine the effects of changes in moisture content for the F2 hybrid species as a CLT member. 
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 Investigate the use of the F2 hybrid against different softwood species grown in Australia. 
 
 Compare strain measurement using a digital image correlation (DIC) camera to a FE model, 
quantifying changes in material properties for the influence of out of grade characteristics for wood. 
 
 Investigate different span ratios for the effect of rolling shear stiffness against bending stiffness, 
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FACULTY OF HEALTH, ENGINEERING AND SCIENCES 
 
ENG4111/4112 Research Project 
 
Project Specification 
For:  Cameron Andrews 
Title: ROLLING SHEAR PROPERTIES OF F2 HYBRID PINE USED IN CROSS LAMINATED 
TIMBER (CLT) 
Major:  Civil Engineering 
Supervisor: Dr. Karu Karunasena 
Enrolment: ENG4111 – EXT S1, 2019 
  ENG4112 – EXT S2, 2019 
Project Aim: To experimentally and theoretically investigate the behaviour of F2 hybrid pine with various 
parameters that contribute to its rolling shear properties in CLT.  
Programme: Version 1, 10th March 2019 
1. Research the use of F2 hybrid pine and parameters surrounding rolling shear properties and 
performance in CLT. 
2.   Theoretically investigate the performance of F2 hybrid pine and hypothesise the impact of how the 
parameters will influence the overall strength and behaviour of the CLT. 
3.    Investigate, through testing, CLT rolling shear properties for different variations of influential 
parameters that may contribute to changes in rolling shear strength, stiffness and behaviour of F2 hybrid 
pine. 
4.   Conduct data analysis for any variations or correlations between the theoretical and experimental 
analysis for rolling shear properties. 
5.    Use Finite element modelling (FEM) to predict and interpret the results obtained. 
6.    Submit an academic dissertation on the academic research, analysis and findings. 
If time and resources permit: 
7.   Compare results with the relevant standards/codes of practice and make recommendations on the F2 
hybrid pines incorporation or areas of future analysis used for CLT. 
 
 




February 16: Conduct preliminary literature research to determine materials and project 
specifications  
March 18:  USQ laboratory induction 
March 24:  Order F2 hybrid pine elements and adhesive for CLT construction 
March 31:  Finalise & submit risk assessment & management plans for USQ approval 
April 27: Conduct mechanical properties testing for individual timber elements & prepare 
specimens for CLT construction 
May 4:   Construct CLT specimens and begin write up of preliminary report 
May 17:  Conduct experimental testing on CLT specimens 
May 18:  Begin write up of results and continue with literature review 
May 29:  Submit preliminary report 
Jun 15:   Finite Element Modelling and continue to work on dissertation 
July 27:  Prepare thesis presentation 
Sep 7:   Submit draft dissertation 
Sep 23:   Thesis presentation week 
Oct 17:   Submit thesis 
 
Required Resources 
To be sourced through the School of Civil Engineering: 
1. USQ laboratory facilities for specimen preparation and testing 
2. 6 x 20mm strain gauges 
3. European Standards/handbooks specific for CLT design 
4. FEM software (Strand 7) 
 
 








































Figure B1: Outer Timber Plates Grading 
Figure B2: Marking of bonding area, preparation of sanding surface 







Figure B3: Typical F2 timber sample prior to 
sanding 
Figure B4: Typical F2 timber sample after sanding 
 





Figure B5: Typical F2 timber sample with 
clean edges and no voids for bonding area 
after sanding (left and right sides) 
 
Figure B6: Outside Timber plates after sanding 
 










Figure B7: Sanding Block used to prepare specimens 
 
Figure B8: Wiping cloth used to clean specimen prior to bonding 
 











Figure B9: Weighing of timber specimens 
 
Figure B10: 20mm Strain gauges used for experimental testing 
 










Figure B11: Adhesive HBS309 (Purbond) 
 
Figure B12: Moisture Meter recording of timber 
specimens 
 







Figure B13: Range of test samples prior to experimental testing 
 
Figure B14: Rolling shear failure for timber specimens 
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Appendix C Testing Parameters Worksheet 
  










































2450 90 35 140 0 to 60˚
Off centre. Not 
located on sample
x axis  37mm, y 
axis  -16mm
Juvenile Wood 10mm 38850 0.28 634.92 10.7
2.A No Knots 0 90 35 140 0 to 40˚
On centre. Not 
located on sample
x axis  45mm, y 
axis  -32mm
Juvenile Wood 8.6mm 41300 0.224 507.94 10.6
3.A No Knots 0 90 25 140 0 to 40˚
Off centre. Not 
located on sample
x axis  39mm, y 
axis  -22mm




308.10 90 35 140 0 to 40˚
Off centre. Not 
located on sample
x axis  38mm, y 
axis  -25mm
Juvenile Wood 9mm 40991.90 0.225 510.20 11
5.A No Knots 0 90 35 140 0 to 40˚
Off centre. Not 
located on sample
x axis  32mm, y 
axis  -35mm
Juvenile Wood 11mm 41300 0.24 544.22 11.1
6.A
2x Knots. 1x 
elongated>31mm. 
1x31mm




x axis  28mm, y 
axis  19mm
Juvenile Wood 13mm 39735.84 0.345 782.31 9.8
1.B
1x Elongated knot. 
>31mm
18620 90 35 140 0 to 70˚
Off centre. Not 
located on sample
x axis  63mm, y 
axis  -24mm
Juvenile Wood 9.3mm 22680 0.336 761.90 9.9
2.B
1x Elongated knot. 
>31mm
17120 90 35 140 0 to 80˚
Off centre. Not 
located on sample
x axis  69mm, y 
axis  -25mm




16320 90 35 140 0 to 70˚
Off centre. Not 
located on sample
x axis  20mm, y 
axis  -27mm
Juvenile Wood 10mm 24980 0.363 823.13 10.4
4.B
3 elongated knots. 
3x>31mm
17700 90 35 140 0 to 60˚
Off centre. Not 
located on sample
x axis  25mm, y 
axis  -23mm
Juvenile Wood 10.3mm 23600 0.401 909.30 10.8
1.C No Knots 0 90 35 140 0 to 60˚
Off centre. Not 
located on sample




9.2mm 41300 0.208 471.66 10.8
2.C No Knots 0 90 35 140 0 to 50˚
Off centre. Not 
located on sample






10mm 41300 0.206 467.12 11
3.C No Knots 0 90 25 140 0 to 50˚
Off centre. Not 
located on sample






10mm 36700 0.165 523.81 11.1
4.C
2x Knots. 2x 
>31mm
4325 90 35 140 0 to 50˚
Off centre. Not 
located on sample




10mm 36975 0.252 571.43 10.9
5.C
4x Knots. 1x 
19.4mm < 31mm, 
3x >31mm 
elongated
17225 90 35 140 0 to 40˚
Off centre. Not 
located on sample






8.6mm 24075 0.324 734.69 11
1.D No Knots 0 90 35 140 0 to 50˚
Off centre. Not 
located on sample






9.2mm 41300 0.224 507.94 11
2.D No Knots 0 90 35 140 0 to 60˚
Off centre. Not 
located on sample






9mm 41300 0.226 512.47 11.1
3.D No Knots 0 90 25 140 0 to 60˚
Off centre. Not 
located on sample










157.07 90 35 140 0 to 60˚
Off centre. Not 
located on sample
x axis  33mm, y 
axis  -29mm





1035 90 35 140 0 to 50˚
Off centre. Not 
located on sample
x axis  58mm, y 
axis  -30mm
Juvenile Wood 8mm 40265 0.231 523.81 10.8
Testing Parameters







   
 


















   
  




   
  




   
  





   
  




   
  
     
  
 





     
  
 
   
 
   
  
     
  
 
   
 
   
  






   
  
     
  
 
   
 
   
  




   
  





   
  






   
  





   
 
   
  




   
   
  
 
   
  






   
  






   
  






   
  







   
  





   
  




2x Knots. 1x31mm, 
1x>31mm
1800 90 35 140 0˚to 50˚
Off centre. Not 
located on sample
x axis = 59mm, y 
axis = -30mm




2700 90 35 140 0˚to 50˚
Off centre. Not 
located on sample
x axis = 31mm, y 
axis = -30mm
Juvenile Wood 9mm 38600 0.236 535.15 10.7
2.E No Knots 0 90 35 140 0˚to 60˚
Off centre. Not 
located on sample
x axis = 33mm, y 
axis = -35mm
Juvenile Wood 10.7mm 41300 0.201 455.78 11.3
3.E No Knots 0 90 25 140 0˚to 40˚
Off centre. Not 
located on sample
x axis = 35mm, y 
axis = -36mm
Juvenile Wood 10.5mm 36700 0.148 469.84 11.1
4.E
1x Elongated knot. 
>31mm
1750 90 35 140 0˚to 50˚
Off centre. Not 
located on sample
x axis = 56mm, y 
axis = -35mm
Juvenile Wood 9.5mm 39550 0.231 523.81 11.4
5.E No Knots 0 90 35 140 0˚to 50˚
Off centre. Not 
located on sample




8.8mm 41300 0.211 478.46 11.1
1.F No Knots 0 90 35 140 0˚to 90˚
Off centre. 
Medula in centre 
of sample
x axis = 50mm, y 
axis = 17.5mm
Juvenile Wood 9.8mm 41300 0.262 594.10 10.9
2.F
2x Knots. 1x 
19.4mm. 1x 
>31mm
765 90 35 140 0˚to 90˚
Off centre. 
Medula in centre 
of sample
x axis = 50mm, y 
axis = 17.5mm
Juvenile Wood 11mm 40535 0.281 637.19 10.7
3.F No Knots 0 90 35 140 0˚to 90˚
On centre. 
Medula in centre 
of sample
x axis = 45mm, y 
axis = 17.5mm
Juvenile Wood 10.3mm 41300 0.259 587.30 10.1
4.F No Knots 0 90 35 140 0˚to 90˚
On centre. 
Medula in centre 
of sample
x axis = 45mm, y 
axis = 17.5mm




13880 90 35 140 0˚to 60˚
Off centre. Not 
located on sample






9.3mm 27420 0.291 659.86 11.4
2.G No Knots 0 90 35 140 0˚to 50˚
On centre. Not 
located on sample
x axis = 45mm, y 
axis = -29mm
Juvenile Wood 9.1mm 41300 0.25 566.89 11
3.G
1 elongated Knot 
>31mm
275 90 35 140 0˚to 50˚
On centre. Not 
located on sample
x axis = 45mm, y 
axis = -29mm
Juvenile Wood 8.1mm 41025 0.251 569.16 11.3
4.G
3 Elongated knots. 
3x>31mm
6605 90 35 140 0˚to 60˚
Off centre. Not 
located on sample






9mm 34695 0.285 646.26 11.9
5.G
3 Elongated knots. 
3x>31mm
9542.5 90 35 140 0˚to 50˚
Off centre. Not 
located on sample






9mm 31757.5 0.307 696.15 10.6




x axis = 39mm, y 
axis = 1mm
Juvenile Wood 11.5mm 41300 0.247 560.09 10.8




x axis = 45mm, y 
axis = 9mm
Juvenile Wood 8.5mm 41300 0.24 544.22 11




x axis = 45mm, y 
axis = 5mm
Juvenile Wood 12.1mm 41296.86 0.246 557.82 10.2




x axis = 41mm, y 
axis = 2mm
Juvenile Wood 15mm 36700 0.18 571.43 9.8
 
Figure C1: Testing Parameters Worksheet Data Recording 
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Appendix D USQ Risk Management Plan 
  














Figure D1: Offline USQ Risk Management Plan Endorsed by Supervisor 
 
 


































































Figure E1: Purbond HBS309 Product Technical Data Sheet 
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Figure F1: Freedom Cases for Strand7 Model 
 
 
Figure F2: Load Cases for Strand7 Model 
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Figure F4: Node boundary conditions for Strand7 model 
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Figure F5: Outer plate material properties applied to Strand7 model 
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Figure F7: Strand7 Von Mises stress for CLT specimen (20kN load) 
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Figure F9: Strand7 Von Mises stress for CLT specimen (10kN load) 
 
 
Figure F10: Strand7 Von Mises stress for CLT specimen (5kN load) 
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Figure F11: Strand7 enhanced zoom view of areas of maximum tension and compression (20kN Load) 
 
Table F1: Radial direction Strand7 microstrain calculations  
20kN         
i.d number 
   
Microstrain 
22891 0.02581 290 0.0000890 89.00 
22890 0.02563 290 0.0000884 88.38 
22889 0.02534 290 0.0000874 87.38 
22888 0.02494 290 0.0000860 86.00 
22887 0.02443 290 0.0000842 84.24 
22886 0.02381 290 0.0000821 82.10 
22892 0.02588 290 0.0000892 89.24 
22893 0.02584 290 0.0000891 89.10 
22894 0.02569 290 0.0000886 88.59 
22895 0.02544 290 0.0000877 87.72 
      Average= 87.18 
          
15kN         
i.d number 
   
Microstrain 
22891 0.01936 290 0.0000668 66.76 
22890 0.01923 290 0.0000663 66.31 
22889 0.01901 290 0.0000656 65.55 
22888 0.0187 290 0.0000645 64.48 
22887 0.01832 290 0.0000632 63.17 
22886 0.01786 290 0.0000616 61.59 
22892 0.01941 290 0.0000669 66.93 
22893 0.01938 290 0.0000668 66.83 
22894 0.01927 290 0.0000664 66.45 
22895 0.01908 290 0.0000658 65.79 
      Average= 65.39 
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10kN         
i.d number 
   
Microstrain 
22891 0.01291 290 0.0000445 44.52 
22890 0.01282 290 0.0000442 44.21 
22889 0.01267 290 0.0000437 43.69 
22888 0.01247 290 0.0000430 43.00 
22887 0.01221 290 0.0000421 42.10 
22886 0.0119 290 0.0000410 41.03 
22892 0.01294 290 0.0000446 44.62 
22893 0.01292 290 0.0000446 44.55 
22894 0.01285 290 0.0000443 44.31 
22895 0.01272 290 0.0000439 43.86 
      Average= 43.59 
          
5kN         
i.d number 
   
Microstrain 
22891 0.00652 290 0.0000225 22.48 
22890 0.00648 290 0.0000223 22.34 
22889 0.00641 290 0.0000221 22.10 
22888 0.00632 290 0.0000218 21.79 
22887 0.0062 290 0.0000214 21.38 
22886 0.00606 290 0.0000209 20.90 
22892 0.00653 290 0.0000225 22.52 
22893 0.00651 290 0.0000224 22.45 
22894 0.00646 290 0.0000223 22.28 
22895 0.00639 290 0.0000220 22.03 
      Average= 22.03 
 
 
Table F2: Tangential direction Strand7 microstrain calculations 
20kN         
i.d number 
   
Microstrain 
22891 0.1225 290 0.0004224 422.41 
22856 0.12229 290 0.0004217 421.69 
22821 0.12193 290 0.0004204 420.45 
22786 0.12146 290 0.0004188 418.83 
22751 0.12088 290 0.0004168 416.83 
22926 0.12268 290 0.0004230 423.03 
22961 0.1227 290 0.0004231 423.10 
22996 0.12262 290 0.0004228 422.83 
23031 0.12242 290 0.0004221 422.14 
23066 0.12211 290 0.0004211 421.07 
      Average= 421.24 
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i.d number 
   
Microstrain 
22891 0.09191 290 0.0003169 316.93 
22856 0.09172 290 0.0003163 316.28 
22821 0.09145 290 0.0003153 315.34 
22786 0.0911 290 0.0003141 314.14 
22751 0.09066 290 0.0003126 312.62 
22926 0.09201 290 0.0003173 317.28 
22961 0.09203 290 0.0003173 317.34 
22996 0.09197 290 0.0003171 317.14 
23031 0.09182 290 0.0003166 316.62 
23066 0.09158 290 0.0003158 315.79 
      Average= 315.95 
          
10kN         
i.d number 
   
Microstrain 
22891 0.06127 290 0.0002113 211.28 
22856 0.06115 290 0.0002109 210.86 
22821 0.06097 290 0.0002102 210.24 
22786 0.06073 290 0.0002094 209.41 
22751 0.06044 290 0.0002084 208.41 
22926 0.06134 290 0.0002115 211.52 
22961 0.06135 290 0.0002116 211.55 
22996 0.06131 290 0.0002114 211.41 
23031 0.06121 290 0.0002111 211.07 
23066 0.06105 290 0.0002105 210.52 
      Average= 210.63 
          
5kN         
i.d number 
   
Microstrain 
22891 0.03064 290 0.0001057 105.66 
22856 0.03059 290 0.0001055 105.48 
22821 0.0305 290 0.0001052 105.17 
22786 0.0304 290 0.0001048 104.83 
22751 0.03026 290 0.0001043 104.34 
22926 0.03066 290 0.0001057 105.72 
22961 0.03066 290 0.0001057 105.72 
22996 0.03063 290 0.0001056 105.62 
23031 0.03057 290 0.0001054 105.41 
23066 0.03037 290 0.0001047 104.72 
      Average= 105.27 
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